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Previous work in this and other laboratories has shown that both sodium and 
potassium traverse the membranes of living muscle cells under a variety of con- 
ditions (1, 2, 3, 4, 5, 6, 7). Within physiological limits muscle sodium and 
potassium may exchange for each other without disturbing the osmotic relation- 
ships in the cell or the ability of the cell to contract (8). In an experiment 
designed to explore some of the factors influencing the tolerance of rats to lethal! 
doses of potassium chloride, Miller and Darrow (9) found the potassium of 
voluntary muscle above the normal range in all of the poisoned animals except 
those in which previous depletion of muscle potassium had been effected by a low 
potassium diet. Their report confirmed earlier observations (10) that there is a 
close correlation between the signs of potassium poisoning and the level of serum 
potassium, but in addition that poisoning can occur when skeletal muscle po- 
tassium is below the normal range. 

The sensitivity of the heart to potassium poisoning provides a unique op- 
portunity to examine the electrolyte concentration in both the heart and the 
serum at a time when functional changes resulting from the increase in potassium 
become critical. If the toxic effects of potassium depend upon its accumulation 
within the heart muscle fibers, this accumulation might be expected to bear some 
quantitative relationship to the onset of signs of poisoning. We have studied 
the distribution of the principal electrolytes in the heart, skeletal muscle, and 
serum of cats injected intraperitoneally with potassium chloride solutions, using 
an electrdcardiograph and cardioscope? to detect the onset and follow the progress 
of potassium poisoning. 

Metuops. The animals used were adult cats maintained for varying periods, 
usually a week or more, on a diet of canned salmon and milk. The animals 
were anesthetized with 37 mgm. per kilogram body weight of pentobarbital 
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given intraperitoneally. Preparations were made for obtaining the stands: 

electrocardiograph leads. After preliminary electrocardiograms were take: 

control samples of arterial blood were drawn under oil from the exposed femor: 

artery. Potassium chloride was given by intraperitoneal injection of 0.5 mols 

solution in doses varving from 5 to 8 m.eq. per kilogram body weight. In si 
experiments a solution containing 16.0 grams per liter of sodium chloride, 4.4 
grams per liter of sodium bicarbonate and 18.65 grams per liter of potassiun 
chloride was used to supply sodium in slightly more than twice physiologica! 
concentration. In two experiments the animals were subjected to the removal! 
of electrolytes by the intraperitoneal injection and subsequent removal of 100 ce. 
per kilogram body weight of 5.5 per cent glucose solution before the potassium 
solution was administered. 

After the potassium solutions were injected, interval electrocardiograms and 
arterial blood samples were taken. Where electrocardiographic evidence oi 
potassium poisoning was seen in the cardioscope, the changes were followed until 
no P waves could be made out, and broad, biphasic complexes indicated severe 
interference with conduction throughout the ventricle. A final blood sample 
was drawn, and the heart was removed. The interval between the appearance 
of diffuse block and the removal of the heart was, in most cases, less than 3 
minutes. The heart was then freed of blood and most of the fat, placed in tared 
vessels and weighed. Skeletal muscle samples were removed from the hind legs 
and the wet weight obtained in the same manner. Total water was measured 
in each sample by drying to constant weight at 105°C. Determinations of 
sodium, potassium, chloride, phosphorus, nitrogen, and fat were made on each 
of the serum and tissue samples by methods cited in previous communications (1). 

Resvuuits. The electrocardiographic evidence of potassium poisoning. Our find- 
ings were essentially the same as those reported by Winkler, Hoff and Smith (10) 
in experiments on dogs receiving potassium chloride solutions in isotonic con- 
centration intravenously. In our experiments the duration of the QRS complex 
remained unaltered until the serum potassium concentration rose to about 8.5 
m.eq. per liter. Increases above this level brought about a progressive widening 
of the QRS. Figure 1 illustrates the relationship where the log of the QRS dura- 
tion is plotted against the log of the serum concentration of potassium. 

Analysis of the influence of potassium on the P-R interval shows that the 
critical concentration lies at about 11.0 m.eq. per liter. No progressive increase 
in the length of P-R could be detected as the critical level was approached. 
Beyond the critical serum concentration, P waves were no longer identifiable. 

Rate of increase of potassium concentration. It was observed that considerable 
differences could occur from animal to animal in the length of time from injec- 
tion of potassium to the disappearance of P waves. The animals showing early 
block tended to manifest this sign of potassium poisoning at lower serum concen- 
trations than those in which the interval was longer. It was also noted that 


the response of the animals to potassium injected intraperitoneally did not bear 


a strict relation to the dose given. In general few animals receiving 5 m.eq. 


per kilogram body weight or less showed signs of poisoning, and all receiving as 
much as 7 m.eq. per kilogram developed heart block. 
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POISONING AND ELECTROLYTE DISTRIBI 


TION IN MUSCLI 
Data from our experiments furnish evidence that the absolute level of serum 
potassium is not the sole factor determining the influence of potassium on the 
heart as suggested by Winkler, Hoff and Smith (10). In an earlier series ot! 
experiments Winkler and Smith (11) report that animals tolerate the adminis 
tration of very large amounts of potassium given intravenously if the rate ot 
administration is slow. An increasing concentration of serum potassium. re 
quired that the rate of absorption from the peritoneal cavity must exceed the 
rate of removal of potassium trom the blood by all routes. Figure 2 illustrates 
the relationship bet ween the rate of rise of serum potassium and the time required 
for block to appear. 

If the level of serum potassium were the sole factor responsible for the onset 
of heart block in the poisoned animals, one should expect far greater uniformity 
in the measured serum potassium concentration at the time of heart block than 
was observed in our experiments. The concentrations of serum potassium found 
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Figs. 1 and 2. The numbers beside the points on the curve in figure 2 indicate the con- 
centration of serum potassium at the time of heart block. 


at the time of heart block ranged from 8.26 to 13.4 m.eq. per liter. One factor 
which may account for the appearance of block at relatively low serum potassium 
concentrations is a high rate of rise of serum potassium. In figure 2 the number 
beside each of the points on the graph indicates the serum potassium concentra- 
tion at heart block. In general, early block is associated with rapid rate of rise 
of serum potassium rather than with the higher concentrations of potassium. 
This relationship indicates that the influence of potassium on the heart may 
be determined by the rate of change of potassium concentration as well as by 
the absolute concentration reached. 

Electrolyte redistribution following potassium injection. In table 1 are pre- 
sented the terminal serum concentrations of electrolytes and those found on 
analysis of heart and skeletal muscle. While the concentrations of electrolyte 
in the heart are not normal there is no clear association of the abnormalities 
with heart block. 

Potassium. It will be noted that, per unit weight of tissue, the heart took 
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up far more potassium than skeletal muscle. In many cases the potassium of 
skeletal muscle was found to be lower than that of normal, untreated cats. This 
difference in potassium uptake may be only a result of the wide difference in 
circulatory minute volume through the two organs. 

The heart muscle potassium was raised significantly in all animals receiving 
potassium intraperitoneally, except those deprived of extracellular phase elec- 
trolytes by the injection and subsequent removal of 5.5 per cent glucose solution. 
Normal cat heart muscle contains 40.1 + 0.7 m.eq. per 100 grams of fat-free 
dry tissue. The experimental group had heart potassium values from 43 to 
54 m.eq. per 100 grams of fat-free dry tissue. 

When the group of animals developing block is compared with those in which 
critical signs of potassium poisoning were not seen it is impossible to detect 
significantly higher concentrations of potassium in the “poisoned” hearts. Al- 
though the potassium concentrations expressed per unit weight of intracellular 
water were also uniformly higher than those found in normal hearts there was no 
significant difference between the poisoned and non-poisoned group. Even the 
reduction of intracellular phase volume by the injection of hypertonic sodium 
chloride-sodium bicarbonate solution failed to reveal any relation between intra- 
cellular potassium concentration and heart block. 

The influence of potassium on the redistribution of sodium and chloride. Nor- 
mal cat heart muscle contains sodium in excess of that which is present as a 
plasma ultrafiltrate. This conclusion is based upon calculation of the extra- 
cellular phase volume of the heart from the Cl, (tissue chloride) and the [Cl], 
(plasma ultrafiltrate or extracellular phase of chloride concentration) 

(Cl), X 1000 


(1) (HO), x 0.96 [Cll 


where (Cl), is the serum chloride concentration and (H.Q),, the serum water; 
[Cl], equals the chloride concentration in the extracellular phase. 
The size of the extracellular phase is derived from: 
(Cl). X 1000 _ 
[Cl]. 


extracellular water in grams per 100 grams of fat-free dry tissue, where (Cl), is 


(2) (Hol 


tissue chloride in m.eq. per 100 grams of fat-free dry tissue. 
The sodium contained in the extracellular phase as a plasma ultrafiltrate is: 
[Na]. X (H20), _ 
1000 


(3) (Na);, 


=m.eq. of extracellular phase sodium per 100 grams of fat-free dry tissue 
If all of the sodium present is dissolved as a plasma ultrafiltrate, then: 
(Na), = (Na); 
Substitution in equation (3) of values obtained on normal cat hearts gives: 


155.8 144 


= 22.4 = (Na), 
L000 


= m.eq. of extracellular phase sodium per 100 grams of fat-free dry tissue. 
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The Na, obtained by analysis of heart muscle is 24.4 m.eq. per 100 grams of 
fat-free dry tissue, or 2 m.eq. per 100 grams which are either in the cells or in 
some way removed from free diffusion through extracellular fluid. 

The data from experiments on KCl-treated rats show a relative increase of 
chloride over sodium. This observation indicates that the volume of extra- 
cellular fluid that would contain sodium cannot contain all the chloride. It fol- 
lows, therefore, that extracellular fluid cannot be measured from the serum 
chloride and tissue chloride but must be measured by similar equations involving 


TABLE 2 
Penetration of intracellular space by chloride in potassium-treated cats 


[Nal]e Clie Nat Ch 
m.eq per liter serum B Na m.eq. per 100 gm. tfat- 
ultrafiltrate free dry tissue ; : 
m.eq./l 
2 — 162.0 126.3 149 24.1 19.8 132.8 6.5 
4 — 150.3 133.3 142 21.4 22.2 156.3 23.0 
7 - 150.5 127.4 121 18.2 18.0 148.8 21.4 
9 - 133.0 136.2 149 19.9 21.1 141.6 5.4 
1] - 166.0 141.6 147 24.4 24.6 167.3 25.7 
13 - 147.2 131.2 134 19.7 18.1 135.1 3.9 
Mean X 14.3 
S.E. X +5.3 
] a 160.6 | 124.3 140 22.5 20.5 146.4 22.1 
3 + 168.9 131.5 164 27.7 23.0 140.2 8.7 
5 > 161.5 135.1 139 22.4 21.8 156.8 ad 
6 - 149.0 123.7 130 19.4 22.0 169.2 45.5 
sS + 149.1 140.5 120 17.9 19.0 158.3 17.8 
10 154.0 137.5 171 26.3 25.3 148.0 10.5 
12 -+- 141.0 131.2 155 21.9 25.1 161.9 30.7 
14 _ 156.0 135.7 136 22.2 23.0 169.1 33.4 
Mean X : 23.8 
S.E.. X +5.7 
P 0.04 


sodium. Using these equations one obtains values for tissue chloride in excess 
of the amount which could be present as a constituent of plasma ultrafiltrate. 
This “excess chloride” is either within the cells or in some way excluded from 
free diffusion through the extracellular phase. 

Table 2 presents data on animals receiving KCl only. The ‘“‘excess chloride” 
in the hearts of the potassium poisoned animals reached a mean of 23.8 + SE 
X 5.7 m.eq. per liter, while animals showing no signs of poisoning had 14.3 + SE 
X 5.3 m.eq. per liter. The difference between these two means is statistically 
significant, having a P value of 0.04 obtained by the use of Fisher’s formulae 


and probability tables for small series (14). ° 
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The displacement of sodium and the apparent intracellular penetration of 
chloride shown by the data in table 2 are observations which are consistent with 
the concepts of Conway and Boyle (12) and of Dean (13) who points out that 
in skeletal muscle “*... when external potassium is high there will be so little 
sodium in the fibers... that it will be difficult to establish that the fibers con- 
tain sodium.” 

Discussion. The above experiments show that there is no necessary rela- 
tionship between the amount of potassium found in the heart and the appearance 
of signs of potassium poisoning. Heart muscle, like skeletal muscle, in the 
presence of increasing concentrations of potassium in the plasma takes up potas 
sium and loses sodium from the cells. In addition to these exchanges of mono- 
valent basic ions in the heart muscle there is evidence that chloride either pene- 
trates the cell membranes or becomes occluded in such a way that part of it is 
no longer freely dissolved in the extracellular phase. Hearts showing signs of 
potassium poisoning are found to contain a larger proportion of intracellular 
chloride than those which were unaffected. If a strict quantitative relation 
existed between the amount of intracellular chloride and the appearance of signs 
of poisoning it should be similar to that demonstrated by Winkler, Hoff and 
Smith (10) for serum potassium and the electrocardiographie evidence of potas- 
sium influence on the heart. While a general association of large chloride pene- 
tration with poisoning can be shown, it is not possible to detect a uniform trend 
in this relationship. 

The rate at which the potassium rises in the serum and presumably the rate 
of its penetration of cells in the heart is an important factor. It was observed 
that in every case but one where signs of poisoning appeared at serum concentra- 
tions below 10.0 m.eq. per liter, the rate of rise was above 0.33 m.eq. per liter 
per minute. This serves to emphasize that the tissue and blood samples 
were obtained in these experiments’ at a time when changes were taking place 
rapidly. Therefore, it is not surprising that the electrolyte and water distribu- 
tion do not conform to the values which were predicted by the equations based 
upon equilibrium states in muscle by Conway and Boyle (12), Dean (13) and 
other workers. The variability of heart water and intracellular electrolyte con- 
centrations observed in our experiments is consistent with similar phenomena 
observed in cats subjected to alteration of extracellular electrolyte concen- 
tration (6). 

Since the electrocardiographic evidence of potassium poisoning is charac- 
terized by signs of diffuse interference with conduction, it is possible that these 
changes are the result of damage to which the cells of the conducting system are 
more susceptible than the rest of the heart. Critical changes in the pattern of 
distribution of inorganic ions might occur in the Purkinje system and be con- 
cealed from detection by chemical analysis of the whole heart. In addition it is 
known that damaged cells may lose their ability to maintain the physiological 
distribution of inorganic ions and tend to behave as inert physico-chemical syvs- 
tems at the mercy of diffusion pressures. If widely dispersed groups of heart 
muscle fibers were damaged by the increasing potassium concentrations or by 
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events which were the consequence of the rise in potassium, the electrolyt: 
analysis of the whole heart would yield values which would represent the sun 
of both intact and damaged cell contents in unknown proportions. While ow 
experiments contain no specific evidence on this point, it is possible that the 
effects we observed were secondary to coronary vasoconstriction induced by the 
high serum potassium concentrations (15). 


SUMMARY 


1. Heart, skeletal muscle and serum electrolytes and water analyses were 
made on 23 cats in which the electrocardiograph was used to detect potassium 
poisoning. 

2. Potassium poisoning, as judged from the disappearance of P waves from 
the electrocardiogram, occurred when the serum potassium reached 11.0 m.eq. 
per liter, but was detected in some cases at lower serum concentrations if the 
rate of rise of potassium was faster than 0.33 m.eq. per liter per minute. 

3. No quantitative relationship could be demonstrated between the amount 
of potassium found in the heart and the appearance of potassium poisoning, 
although both the heart and skeletal muscle were found to take up potassium 
readily if the plasma concentration is elevated. 

4. The uptake of potassium by the heart is associated with the loss of sodium 
and the appearance of considerable quantities of chloride in the intracellular 
phase. 

5. The above observations are discussed in relation to their significance in 
potassium poisoning. 
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A difference in the distribution of the right as compared with the left vagus 
nerve supply of the heart is known from the results of electrical stimulation of 
the cut nerves. Thus stimulation of the right vagus commonly results in a 
sinus bradyeardia or sino-atrial block while similar excitation of the left vagus 
often produces atrio-ventricular dissociation, i.e., A-V heart block, in addition to 
depression of the S-A node (3, 4, 9, 20). Anatomical studies (17, 22) have not 
vielded clear-cut evidence regarding a difference in the distribution of the cardiac 
vagi. In general they agree that the parasympathetic preganglionic fibers 
terminate in ganglia above the coronary sulcus, that no such terminations are 
to be found in the ventricles and that the latter receive few it any postganglionic 
parasympathetic fibers. 

Reflex excitation of the vagus nerves in response to massage of the carotid 
sinuses of man (18, 21), and to a rise of blood pressure produced by pressor 
compounds such as pitressin (5, 6, 7, 19) and ephedrine (2, 14) often results in 
A-V block as well as depression of the sino-atrial node. The present report 
represents an attempt to analyze the réle of each vagus in the production of the 
changes in the heart beat which occur in response to a rise of blood pressure. 

Metuop. Healthy full-grown dogs were trained to lie quietly while attached 
in the usual manner to the leads of an electrocardiograph and whiie submitting 
to venepuncture. In the majority of preparations the sympathetic innervation 
of the heart had been abolished by bilateral removal of the stellate and upper 
6 thoracic sympathetic ganglia. In several the medullae of the adrenal glands 
had been destroyed by cauterization. Vagotomy was performed high in the 
neck. In those cases in which both vagi were cut the animals were kept in good 
condition for several days by the administration of 10 per cent glucose by vein. 
Four groups of dogs were prepared. In the first group consisting of 14 dogs 
the right vagus was cut and the left vagus remained intact. Of this group 9 
had been subjected to bilateral removal of the sympathetic nerves of the heart, 
2 to both removal of the sympatheties of the heart and destruction of the adrenal 
medullae, 1 to removal of the right svmpathetics of the heart, and 2 to no pre- 
vious operations. 

In the second group consisting of 18 dogs the left vagus was cut and the right 
vagus remained intact. Of those in this group 6 had been subjected to bilateral 
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removal of the sympathetic nerve supply of the heart and to destruction of the 
adrenal medullae, 6 to bilateral removal of the sympathetic nerve supply of the 
heart, and 6 to no previous operations. 

The third group consisted of 20 dogs in which both vagi remained intact. 
Four of these had been subjected to removal of the sympathetic nerve supply of 
the heart and destruction of the adrenal medullae, 6 to adrenal demedullation, 
3 to removal of the sympathetic nerve supply of the heart, and 7 to no previous 
operation. 

The fourth group consisted of 28 dogs in which both vagus nerves had been cut. 
Eleven of these animals previously had been subjected to bilateral removal of 
the sympathetic nerve supply of the heart and to destruction of the adrenal 
medullae, 12 to removal of the sympathetic nerve supply, and 5 to no previous 
operations, 

Electrocardiograms were recorded continuously during a period beginning 
15 to 30 seconds before onset of the injection of the pressor compounds neo- 
synephrin hydrochloride, pitressin,’ or angiotonin,* and ending after the period 
of maximal depression of the heart. The neosvnephrin was injected intra- 
venously by means of a constant-rate injection apparatus at the rate of 1, 2 or 
t cc. of a 1 to 10,000 dilution per minute. Injections were continued usually 
during a period of 60 to 90 seconds. Pitressin was injected intravenously in a 
dose of 0.5 to 1.0 pressor unit, or in a few experiments intramuscularly or subeu- 
taneously in a dose of 1.2 to 4.0 pressor units. Angiotonin equivalent to a 
1:250,000 adrenalin solution was injected at the rate of 4 ce. per minute by 
means of the constant-rate injection apparatus. A short period of rest on the 
table after insertion of the needle in a vein permitted the heart to reach a fairly 
constant rate before onset of injections. All experiments were performed on 
the unanesthetized animal. 

In the interpretation of the records A-V heart block was said to be present 
when one or more P waves failed to be followed by a ventricular complex. 

Resutts. 1. Dogs whose right vagus had been cut and whose left vagus remained 
intact, v.e., left vagus dogs. In 27 of a total of 37 experiments on 14 dogs a partial 
A-V heart block occurred in response to the injection of neosynephrin. Only 
one animal of the series failed to respond with at least one record of such a block. 
In all experiments there occurred a marked slowing of the atria, the rate falling 
from a pre-injection average of 93 beats per minute to a post-injection average 
minimum of 54 per minute. Ectopic beats of ventricular origin were observed 
frequently after the first three or four 15-second intervals following the onset 
of injection. 

In 7 of a series of 10 experiments on 7 of the dogs of this group a partial A-V 
heart block occurred following the injection of pitressin. Only 1 of the 7 animals 
failed to develop a block at least once. All of the experiments resulted in slowing 


* Parke Davis preparation 
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of the atria, the rate falling from a pre-injection average rate of 94 beats per 


minute to a post-injection average minimum of 58 per minute. 

In a single experiment the injection of angiotonin was followed by the develop- 
ment of a 2:1 A-V heart block, as well as atrial slowing from a pre-injection level 
of 60 per minute to a post-injection minimum of 38 per minute. 

The results of this group of experiments are included in table 1 and illustrated 
in figure 1. 

2. Dogs whose left vagus had been cut and whose right vagus remained intact, 
i.e., right vagus dogs. In 28 experiments on the 12 dogs of this group there oc- 


TABLE 1 
The réle of the right and left vagus nerves in the depression of the heart which occurs in response 


to the rise of blood pressure produced by neosynephrin, pitressin and angiotonin 


AVERAGE ATRIAL RATES?T NO. OF EXPERIMENTS SHOWIN 
TYPE OF | PRESSOR CoMPoUND NO- OF et During 12 
ANIMAL" USED EXPERI- OF DOGS | Before seconds afte A-V A-\ Ec 
MENTS USED niet injectior nodal nodal nodal vent 
tior block rhythm) beats reat 
Highest Lowest 
Left Neosynephrin 37 14 93 93 54 27 0 0 7 
vagus. Pitressin 10 7 94 93 5S 7 0 0 0 
intact Angiotonin l 1 60 60 38 l 0 0 0 
Right Neosynephrin 28 12 89 Q2 50 0 4 1 9 
vagus Pitressin 12 6 92 85 $2 0 1 1 0 
intact Angiotonin 1 ] 135 128 90 0 0 0 0 
Both Neosynephrin 39 13 sl] 86 52 8 1 0 3 
vagi Pitressin 9 4 92 90 30 2 0 0 0 
intact  Angiotonin l ] S81 0 0 0 
Both Neosynephrin 44 26 115 | 133 | 114 0 0 0 S 
vagi Pitressin 12 1] 125 125 118 0 0 0 0 
cut Angiotonin l l 158 160 153 0 0 0 0 


* Left vagus intact refers to the dogs in which the right vagus had been cut and the left 
remained intact. Right vagus intact refers to those in which the left vagus had been cut 
and the right remained intact. 

+ Average atrial rates represent arithmetical average of the rates per minute determined 
during 15 second intervals. 


curred no instances of A-V heart block in response to the administration of neo- 
synephrin. Intense vagal depression of the heart however did occur as mani- 
fested by the slowing of the heart rate from a pre-injection average of 89 per 
minute to a post-injection average minimum of 50 per minute. In 4 of the 28 
experiments, 2 dogs developed A-V nodal rhythm, and in | additional case a few 
A-V nodal beats were recorded. Ectopic ventricular beats were noted in 9 
experiments. 

In 12 experiments on 6 dogs of this group the administration of pitressin was 
followed by marked slowing of the atria, the average pre-injection rate being 92 
beats per minute and the average post-injection minimal rate being 42 per minute. 
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There was recorded one instance of A-V nodal rhythm, one of A-V nodal beats 
and no case of A-V heart block. 

In a single trial angiotonin produced only a slowing of the atria from a pre- 
injection rate of 135 beats per minute to a post-injection minimal rate of 90 
per minute. 

The results of this group of experiments are included in table 1 and illustrated 
in figure 1. 

3. Dogs in which both vagus nerves remained intact. In only 8 of a total of 39 
experiments involving 6 of the 13 dogs studied, administration of neosynephrin 
was followed by a partial A-V heart block. In one experiment A-V nodal rhythm 
was recorded. The average pre-injection atrial rate was 81 beats per minute 
and the average minimal post-injection rate was 52 per minute. 

In only 2 experiments on 2 animals of a series of 9 experiments on 4 animals, 
the injection of pitressin resulted in partial A-V heart block. A-V nodal rhythm 
and A-V nodal beats were not observed in this group of experiments. The aver- 
age pre-injection atrial rate was 92 per minute and the average minimal post- 
injection rate was 30 per minute. 

In the single experiment of this group in which it was used, angiotonin failed 
to produce a change of heart rate. 

The results of this group of experiments are included in table 1 and illustrated 
in figure 1. 

4. Dogs in which both vagus nerves had been cut. In 44 experiments on 26 
vagotomized dogs no A-V heart blocks, A-V nodal rhythms or A-V nodal beats 
developed in response to the administration of neosynephrin. The average pre- 
injection atrial rate was 115 per minute, the average minimal post-injection rate 
was 114 per minute, and the average post-injection maximal rate was 133 per 
minute. 

In 12 experiments on 11 of the vagotomized dogs, pitressin produced no 
A-V heart block, no A-V nodal rhythm and no A-V nodal beats. The average 
pre-injection rate in these 12 experiments was 125 beats per minute, the average 
maximal post-injection rate was 125 per minute, and the average minimal post- 
injection rate was 118 per minute. 

The results of this group of experiments are included in table 1 and illustrated 
in figure 1. 

In order to demonstrate the relative importance of direct cardiac effects of 
neosynephrin data were studied from a series of 41 experiments on 23 of the dogs 
whose hearts had been completely denervated by bilateral removal of the stellate 
and upper 5 or 6 thoracic sympathetic ganglia and bilateral vagotomy high in 
the neck. The results of these experiments are illustrated in table 2. They are 
concerned with heart rates counted before and during 15 second intervals after 
the onset of injection of neosynephrin hydrochloride. During the first 15 to 30 
seconds after the onset of injection, slowing of the heart of more than 2 beats 
per minute was recorded in only 2 of the 41 experiments. In one of these the 
rate was decreased 4 beats and in the other 12 beats per minute. Subsequent 


to the first or second 15 second interval after the onset of injection, the heart 
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rate was increased in all but 2 of the 41 experiments. The increases ranged 
from 0 to 72 beats per minute, or from 0 to 70 per cent. In 31 of the experiments 
they ranged from 0 to 22 beats per minute, or from 0 to 21 per cent. The time 


at which the maximal increase occurred ranged trom 15 to 165 seconds after onset 
of injection. In 34 of the 41 experiments the maximal increase in heart rate 
occurred between 60 and 90 seconds after the onset of injection. In 2 cases 
ventricular tachyeardia developed after a period of acceleration had been re 
corded. A premature systolic arrhythmia (pulsus bigeminus) was recorded in 
one case. A typical experiment of this group is shown in figure 1. 

The effect of pitressin on the completely denervated heart is demonstrated 
by the data of table 3. In 7 of the 9 experiments on 8 dogs, the injection ot 
pitressin was followed either by no depression of heart rate or by a slowing of 
not more than 6 beats per minute. In 1 ease there developed a slowing from 


TABLE 2 


Effect of neosyne phri n on the denervated heart 1O ty pre al experiments 


HEART EA PER MIN 

DOG WEIGHT ADRENAL 

NO MEDULLA MIN Before : 

17 10.5 Intact 2 96 O06 OG 102 10S 116 120 

19 | 10.5 Intact 2 110 110 110 114 11S 126 136 146 
30 | 9.1 Intact } 110 110 112 120 126 136 14S 

14 9.5 Intact 2 126 126 128 32 134 136 136 13S 
21 | 138.2 Intact 2 128 128 12S 32 134 134 140 

22 | 8.2 Intact { 120 120 128 14s 162 176 ISS 192 
25 i 13.6 Out j 130 130 130 132 136 140 150 

28 | 10.5 Out H 11S LIS 124 32 142 150 15S 165 
34} 9.1 Out 92 LOO 112 128 160 136 
35 | 13.6 Out 2 OS Os 100 100 102 104 106 LOG 


The neosynephrin was injected as a 1 to 10,000 dilution. 


a pre-injection rate of 114 beats per minute to a post-injection rate of 94 pe 
minute and in another from 108 to 100 per minute. 

Discussion. The advantages to be gained by avoidance of anesthesia in 
experiments on the reflex depression of the heart in response to a rise of blood 
pressure are well-known. They concern principally the fact that commonly 
used anesthetics depress the vagal reflexes. Similarly there are at least two 
distinct advantages of reflex stimulation as compared with direct electrical 
stimulation of the fibers of the vagus nerve. The first of these concerns the 
fact that electrical stimulation may well produce effects which are in excess of 
those which occur physiologically. The second concerns the possible presence 
of cardio-accelerator fibers in the vagus nerve (10).) It may be assumed that any 
such fibers are activated along with the inhibitory fibers when electrical stimuli 
are applied. On the other hand the response of the fibers of the vagus to the 


physiological stimulus incident to a rise of blood pressure may well concern not 
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Dog 5 -Left vagus dog. Upper segment: Before injection and onset of injection, 
at artefact marked by arrow, of neosynephnrin |-i0.000 at rate of 
Acc per minute. Lower segment: 2:1 AV block 49 seconds after 
onset of injection 


Dog 4. Right vaqus dog. Upper segment : Before injection and onset 
of injection, at artefact marked by arrow, of neosynephrin 
10,000 at rate of per minute. 


Lower segment: AV rhythm 90 seconds after onset of injection 


Dog 2. Denervated Heart Upper segment : Before injection and onset 


of ton, at artefact marked arrow , of neosynephrin 

\-10,600 at rate of per minute. Rate 13/min. Lower mene 

Moderate tachycardia, 60 seconds after onset of inj. 128/ min. 


Dog 26. Left vaqus dog. Upper record: Before injection and onset of inject- 
ion, at artefact_marked by arrow, of Pitressin | pressor units. 
Lower record: Partial AV. block first evident at 22 seconds 
after onset of irmection 


Fig. 1 
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only activation of the vagal cardio-inhibitory fibers but also reciprocal inhibition 


of cardio-accelerator fibers. It seems clear then that there are very distinct 
advantages to be gained by the use of the method outlined. 

During the early experiments on the problem the animals were subjected to 
removal of the sympathetic nerve supply of the heart and destructive cauteriza- 
tion of the adrenal medullae before carrying out the experiments on reflex activa- 
tion of the vagi. It soon became apparent however that these procedures had 
no obvious influence on the results insofar as they are concerned with the produc- 
tion of heart block. In the later experiments as indicated under method most 
experiments were carried out on animals whose svmpathetic nerves to the heart 
and whose adrenal medullae remained intact. It of course must be recognized 
that the heart rates in the case of the latter animals may be influenced to some 
extent by reflex depression of the sympatho-adrenal mechanism (1). The heart 
rates presented in table 1 must be interpreted with the above facts in mind. 
They are included in the table in order to illustrate the degree to which the 


TABLE 3 


Effect of pitressin on the denervated heart 


HEART BEATS PER MINUTE 


WEIGET eet DOSE a 15 sec. periods after injection 
injection 2 3 4 6 
—| 
ki p.u.* 
22 8.2 Intact | 1.6* 8S 8S 88 88 88 8s 88 88 
25 | 13.6 Out 0.5 114 114 108 102 98 96 98 96 94 
30 9.1 Intact 2.0* 108 106 106 106 106 106 106 106 
34 9.1 Out 0.5 108 106 102 104 104 104 100 102 
34 9.1 Out 1.0 o0 90 88 &8 92 90 94 96 a0 
35 | 13.6 Out 0.5 96 96 95 96 96 102 102 


55 | 12.3 Out 
i Out 
58 Out 


0 144 144 144 142 142 144 
0 130 130 130 130 126 124 
0 162 162 160 160 162 


— 


* Dose is recorded in pressor units. In the case of dog 22 the injection was intramuscu- 
lar and in that of dog 30 subcutaneous. All others were intravenous. 


heart was affected in response to the pressor compound injected. Thus it is 
clear that the heart rate was profoundly depressed both by neosynephrin and 
by pitressin. Similarly it is evident that the rate is depressed to about the 
same degree in the left vagus group as it is in the right vagus group. In view of 
these facts the difference in the distribution of A-V heart block appears to be 
significant. 

The pressor compounds neosynephrin, pitressin and angiotonin were selected 
because of the fact that each produces a rise of blood pressure in response to 
peripheral vasoconstriction. The direct stimulatory influence of neosynephrin 
on the heart has been partially avoided by taking advantage of the fact that the 
threshold for direct cardiac stimulation by the compound is relatively high as 
compared with that for vasoconstrictor action (23). However as noted in 
figure 1 neosynephrin produced some elevation of the rate of the denervated 
heart in those experiments in which the lowest of the 3 injection rates was 
employed. As indicated in the results and in table 2 neosvnephrin failed to 
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depress the rate of the denervated heart in all but 2 of 41 experiments on 23 « 
the dogs. The two exceptions represented in one case a decrease of 4 beats pe 
minute and in the other of 12 beats per minute. Both occurred during the firs’ 
15 second interval following the onset of injection. Following this interval th« 
rate increased in all but two of the 41 experiments. 

These results do not support the suggestion of Keys and Violante (11) that 
neosynephrin is capable of producing a primary bradycardia by inhibition 01 
the sino-atrial node, and that this inhibition is independent of blood pressure 
reflexes involving the vagus nerve. They would seem to offer strong evidence 
against a direct inhibitory influence of neosynephrin on the heart. Therefore 
the recorded evidences of cardiac depression in the normal dogs and in those 
having partially denervated hearts used in the present study are interpreted on 
the basis of reflexes which arise as a result of the increase of blood pressure pro- 
duced by the vasoconstriction caused by neosynephrin. 

The dosage.of neosynephrin was varied as indicated in the results. The rate 
of 1 cc. per minute was used in 2 of the experiments on right vagus dogs, in 2 on 
left. vagus dogs, in 2 on those in which both vagi had been cut, and in none on 
those in which both vagi remained intact. In the remaining experiments the 
choice between a rate of 2 ec. and 4 ec. per minute was made usually on the 
basis of size of the animal. Examination of the data reveals no evidence that 
variation of injection rate played any part in controlling the incidence of A-V 
block or A-V nodal rhythm as recorded in table 1. 

The pressor compound pitressin undoubtedly produces depression of the heart 
principally through reflexes initiated as a result of the rise of blood pressure 
which follows its vaso-constrictor action. However evidence has been pre- 
sented by Kolls and Geiling (13), Resnik and Geiling (19), Geiling and Resnik (5), 
and Gruber and Kountz (6, 7) that removal of vagal action by atropinization 
or by vagotomy does not abolish although it does reduce the cardiac depressant 
action of pitressin. This action was attributed by Gruber and Kountz (6, 7) 
to coronary vasoconstriction and direct effects of the compound on the myo- 
cardium. Melville (16) reported that ephedrine prevents the depressant action 
of posterior pituitary extract on the vagotomized or atropinized heart. He 
attributed this result to the vasodilator influence of ephedrine on the coronary 
vessels and concluded that posterior pituitary depresses the heart in part through 
its vasoconstrictor action on these blood vessels. It may reasonably be assumed 
that reflex depression of the sympathetic cardio-accelerator mechanism was 
responsible for at least a part of the slowing observed in the experiments of 
the above authors. 

As indicated by the data of table 3 and results published in a previous report 
8) pitressin either fails to produce slowing or causes only a moderate slowing of 
the completely denervated heart. Thus of the 9 experiments on 8 dogs recorded 
in table 3, 6 show no reduction of more than 2 beats per minute and the remaining 
3 a reduction of 6,8 and 20 beats. Of the 3 experiments included in the previous 


report (8) 2 indicated no slowing and 1 a slowing of only 2 beats per minute. 
It seems reasonable on the basis of these results to attribute the depression of 
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he heart observed in normal dogs and in those having partially denervated hearts 
principally to reflex influences initiated by the rise of blood pressure produced 
by the pitressin. 

In a single experiment the injection of angiotonin resulted in a decrease in 
rate of the denervated heart from 158 to 153 beats per minute, a degree of 
inhibition which may be regarded as insignificant. Therefore the slowing of 
the heart observed in the normal dogs and in the dogs having partially denervated 
hearts may be interpreted as being due to reflexes initiated in response to the 
rise of blood pressure produced by the angiotonin. 

The possibility of course must be recognized that any or all of the above 3 
pressor agents May exert a direct influence on the activity of the vagal nuclei and 
thus cause showing of the heart. Such an action has been suggested by Kevs 
and Violante (12) for neosynephrin. In view of the similar responses obtained 
in the case of the three distinct pressor compounds, it has not seemed necessary 
to postulate that a direct central action of neosynephrin was involved in our 
experiments. 

The results obtained on the left vagus dogs, i.e., those whose right vagus was 
cut and left vagus remained intact, indicate that depressed A-V nodal conduction 
is a prominent feature of the inhibition produced reflexly through the left vagus. 
Thus a partial A-V nodal block was recorded following the injection of neosyn- 
ephrin in 27 of a total of 37 experiments on 14 dogs of this group. A similar 
result was observed in 7 of 10 experiments on 7 of the left vagus dogs following 
injection of pitressin, and in a single experiment in which angiotonin was used 
It will be noted that marked depression of the S-A node is a common feature of 
the experiments involving depression of the heart through the left vagus. It is 
clear then that reflex excitation of the left vagus in response to a rise of blood 
pressure in the unanesthetized animal is capable of resulting in depression of the 
S-A node to the point of producing marked sinus bradycardia, and the A-V node 
to the point of producing A-V heart block. 

In the 28 experiments on 12 dogs prepared by removal of the left vagus, i.e. 
right vagus dogs, sinus bradycardia uniformly was the most prominent feature of 
the response to the pressor compounds. In no case was there evidence of any 
degree of A-V heart block. An A-V nodal rhythm was observed following the 
administration of neosynephrin in 4 experiments involving 2 dogs and a few A-V 
nodal beats were recorded in a single additional case. Similar results were re- 
corded in experiments involving pitressin in which all of the 12 experiments on 6 
dogs demonstrated a marked sinus bradveardia, 1 an A-V nodal rhythm, and 
none an A-V block. A single experiment using angiotonin resulted only in a 
sinus bradveardia. These results offer no evidence in favor of a depressor action 
of the right vagus nerve on the A-V node. Examination of the P-R intervals of 
the electrocardiograms of this series reveals no evidence of depression of A-V 
conduction. 

As indicated in table 1, A-V nodal rhythm was recorded in a total of 5 experi- 
ments on right vagus dogs. This result is in agreement with that of Meek and 
Evster (15) who observed A-V rhythm in 2 of 27 experiments in which the right 
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vagus of the dog was stimulated electrically. The development of this rhyth 
may be explained by assuming that the automaticity of the S-A node was «: 
pressed to a level below that of the A-V node by impulses traveling in the righ: 
vagus. In those experiments on right vagus dogs in which neosynephrin wa 
used, A-V rhythm may have been due in part to a direct stimulatory action o1 
this compound on the A-V node. Such an effect would occur at a time when thy 
S-A node was being subjected to the depressant action of the right vagus. That 
a stimulatory action on the A-V node is not essential to the development of A-\ 
rhythm is indicated by the fact that pitressin resulted in the production of this 
rhythm in 1 right vagus dog. 


SUMMARY 


The pressor compounds neosynephrin, pitressin and angiotonin are capable o1 
producing an inhibition of the heart which is best explained on the basis of re- 
flexes initiated in response to the rise of blood pressure resulting from their vaso- 
constrictor action. Administration of these pressor compounds may be said to 
result in a physiological activation of the vagus nerves. 

In experiments on dogs whose right vagus has been cut and whose left vagus 
remains intact, i.e., left vagus dogs, the response to the pressor compounds com- 
monly includes A-V heart block. Thus in this group of animals A-V block fol- 
lowed the injection of neosynephrin in 27 of 37 experiments on 14 dogs, of pitres- 
sin in 7 of 10 experiments on 7 dogs and of angiotonin in a single experiment. 

In dogs whose left vagus had been cut and whose right vagus remained intact, 
i.e., right vagus dogs, no instances of A-V heart block occurred in response to 
injection of neosynephrin in 28 experiments on 12 dogs, of pitressin in 12 experi- 
ments on 6 dogs and of angiotonin in a single experiment. 

Physiological activation of either the right or the left vagus results in sinus 
bradyveardia. No remarkable difference in the degree of heart slowing produced 
by the left as compared with the right vagus is evident. 

As a result of physiological activation of the right vagus the automaticity of 
the S-A node frequently is depressed to a level at which the A-V node takes over 
the function of pacemaker. Thus A-V nodal rhythm was observed in 4 of 28 
experiments using neosynephrin and in | of 12 experiments using pitressin. A-V 


nodal rhythm occurred in none of the experiments involving the left vagus group 
of dogs. 

The completely denervated heart of the dog is not depressed by neosynephrin 
in the doses in which it was emploved. 

In the majority of experiments pitressin fails to cause significant inhibition of 
the completely denervated heart. When inhibition occurs it usually is of small 
degree. 
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i 

Increase in the concentration of potassium in serum has been repeatedly re- 


ported in various types of secondary shock (1, 11). It has been suggested that 
this elevated concentration of potassium may be an important factor in producing 
the characteristic picture of traumatic shock, and may contribute to the fatal 
outcome. On the other hand, the picture of potassium poisoning is totally 
unlike that of traumatic shock (2, 3, 4). Also, concentrations of potassium 
considerably higher than those commonly found in shock are necessary in order 
to elicit any clinical evidences of toxicity (2, 5). The present study endeavors 
to define as exactly as possible the réle of potassium in one variety of traumatic 
shock. 
Mernops. Thirty-five dogs were used. Initial intraperitoneal dial anesthesia 
was employed. Shock was produced by release of a tourniquet constricting one 
, or more limbs, the tourniquet having been applied some hours before with suffi- 
cient firmness to occlude the arterial supply completely (6). Within an hour 
after the release of the constriction the affected limb had swollen markedly below 
the level of constriction, while there was an associated decline in the plasma 
volume to about 60 per cent of normal (7). Blood pressure was low, the periph- 
eral pulse was weak and unobtainable, and venous return from the periphery 


was markedly reduced. This state of affairs continued for a period varying from 
one to thirty-six hours, when death took place. At intervals blood samples were 
obtained for serum potassium analysis (8). In some experiments nonprotein 
nitrogen content of whole blood was determined (9). Electrocardiograms were 
obtained before and at frequent intervals after the establishment of shock. 
Every effort was made to observe the exact sequence of events at the moment 
of death, and to obtain electrocardiograms and blood samples just before and 


just after this event. Unfortunately this was not always possible. In certain 


supplementary experiments the effects of acute fatal anoxia on the serum potas- 
sium and on the electrocardiogram of the normal dog were studied. 
Electrocardiographic criteria of potassium poisoning. Potassium in elevated 
concentrations characteristically affects the electrocardiogram (2, 4, 10). Con- 
centrations above normal but less than 8 or 9 mM per liter affect the height and 
character of the T waves, and depress the ST segment. At a level of 9 or 10 


mM per liter P waves disappear. Slightly higher concentrations cause a widen- 


' Aided by grants from the Fluid Research Fund, Yale University School of Medicine. 
? We are indebted to Mr. C. E. McLean for assistance in observing the animals. 
\ preliminary report of these experiments has been published; Fed. Proc., 2: 1, (1943) 
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ing of the QRS complexes (intraventricular block), and a slight further increase 
in concentration is followed by cardiac arrest in diastole. Until intraventricular 


block is quite extreme, these changes are reversible with falling concentration, 


and are not accompanied by any change in blood pressure or respiration. During 


the extreme slowing and advanced intraventricular block just preceding complete 


arrest dyspnea first appears. Death characteristically oecurs with cardiac 


arrest while the respirations are still very active. Since this sequence of events is 


invariably present with rising concentration of potassium, is found in no other 
known condition, and produces a mode of death which is so characteristic, there 


Heart, respiration 


sto d 
(less than 30 minutes ) 


Respiration stopped, 
heort active 


Heart stopped, 


respiration active 

Heart, respiration 
active (shock present) 


Before shock 


15 20 


1°) 5 10 
Serum potassium 

mM per liter 


Fig. 1. Concentrations of potassium in serum at various stages of secondary shock 
Each square represents a single chentical determination. The concentration of potassium 
in serum was usually determined more than once in each animal. The solid squares repre 
sent successive determinations in the single animal which certainly died of potassium 


poisoning. 


should be no difficulty in determining whether or not potassium poisoning played 
any significant réle in these experiments. 
Resuutrs. A. Serum potassium concentration and mode of death. In figure 1 


the serum potassium concentrations from all experiments are related to the 
circumstances attending death in traumatic shock. This classification was 
necessary in view of the rapid changes which may occur in serum potassium con- 
centration immediately following respiratory failure. Frequently there was an 
abrupt rise with cessation of breathing, while the heart was still beating. There 


was also very commonly a further sharp rise in the serum potassium within 


fifteen to thirty minutes after both heart and respirations had stopped, even 


before intravascular clotting had taken place. It is accordingly of the utmost 


importance in each experiment to determine the exact relationship of the serum 
sample taken for analysis to cardiac and respiratory activity. Inthe lowest tier 


cottin HH 

e 
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is shown the distribution of initial concentrations, while just above are represented 
the concentrations found at all stages of shock preceding death itself. On « 
statistical basis there is clearly an increased concentration of serum potassium 
after shock is well established. It is also true that there is a rise in each in- 
dividual experiment. In only one instance, however, did the concentratior 
exceed 9 mM per liter (solid square). This occurred in the same animal whos 
serum potassium concentrations are represented by the solid squares above. In 
this one experiment the heart stopped while respirations were still active, a moc 
of death found in potassium poisoning, the serum potassium concentration 
both before and at the moment of cardiac arrest exceeding 10 mM per liter. Thi 
electrocardiographic changes were also indicative of potassium poisoning. This 
was the exceptional event; much more commonly respiration stopped while the 
heart was still actively beating. The concentrations of potassium in sera 
obtained after respirations had ceased but while the heart was still beating are 
shown in the line next to the top. Although six of the values are less than 8 mM 
per liter, two lie between 8 and 10, while two exceed 10 mM per liter. In the top 
line are shown the concentrations of potassium in uncoagulated sera obtained 
by cardiac puncture from two to twenty-five minutes after cessation of both 
respirations and heart. They illustrate the rapidity with which serum potassium 
may increase postmortem. 

B. Changes in blood nonprotein nitrogen concentration. The concentration of 
nonprotein nitrogen in whole blood was usually somewhat elevated at the time 
of death. In eighteen experiments in which this determination was made at or 
near the time of death, the average value was 69 mgm. per cent. There was a 
rough correlation with the time of survival following the development of shock. 
The highest value, 143 mgm. per cent, was found in the one certain case of death 
from spontaneous potassium poisoning, and the next highest, 113 mgm. per cent, 
in one of the suspected cases. Both these animals survived an exceptionally long 
time. All other values were distinctly lower, often not much exceeding 40 mgm. 
per cent. Correlation with terminal concentration of potassium was poor, 
mainly because of the rapid variation in the latter. Only in the case with the 
maximal elevation was the increase in the non-protein nitrogen concentration of 
the same general magnitude as that seen in animals with complete anuria (4). 
More often the rate of increase was rather less rapid. It is possible that some, 
but not all, of the increase of serum potassium in shock results from failure of 
normal renal excretion. 

Electrocardiographic changes. (1) Changes while respiration active. 
During this period electrocardiographic changes were confined to inversion or 
change in the height of the T waves, with a lowering of the ST segment,‘ in all 
but three experiments. P waves were unaffected, changes in QRS complexes 
and block of any sort were notably absent. In the three exceptional cases 
changes of another sort gradually developed. Following certain T wave changes, 


‘Figures presenting actual electrocardiograms illustrative of the various changes 
described in the ensuing paragraphs have been omitted in the interests of economy of 


publication. 
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the P waves disappeared, and intraventricular block then developed. Cardiac 
arrest occurred while respirations were still active. A short period of dyspnea 
followed cardiac arrest. This is the same unique case represented by the solid 
squares in figure 1, whose serum potassium was greater than 10 mM_ per liter 
before any alteration of respiration or of cardiac automaticity. The electro- 
cardiographic sequence, the mode of death, and the level of potassium in serum 
both before and at the time of death, are all entirely characteristic of potassium 
poisoning. 

(2) Changes after respirations ceased or became ineffective. These were found 
in all except the three exceptional experiments noted in the preceding paragraph. 
In a few cases cardiac and respiratory arrest were almost simultaneous, but in 
most instances the electrocardiographic complexes persisted for some time after 
respiratory arrest. Occasionally there would be one final gasp after a minute 
or so of complete apnea, and this might coincide with the final complexes. As 
was pointed out in the preceding paragraph, the changes prior to respiratory 
arrest were confined to alterations in the T wave and in the ST segment. After 
respiratory arrest at least two sequences were observed. Complexes of the 
usual form might continue until cardiac arrest, usually with a few disorganized 
complexes just before the end. The serum potassium in these cases never ex- 
ceeded 8 mM per liter. On the other hand, a sequence of changes usually asso- 
ciated with a rising concentration of serum potassium might make their ap- 
pearance in the few moments following respiratory arrest. In a typical instance 
of this kind the serum potassium at the end of the sequence was 12.2 mM _ per 
liter, although not long before respiratory arrest it had been only 7 mM per liter. 
The reasons for the marked rise of serum potassium in some experiments but not 
in others is obscure. It seems reasonable to interpret the second type of se- 
quence as a secondary reaction of the agonal electrocardiogram to the terminal 
release of potassium. The true cause of death, however, is the respiratory 
failure with consequent anoxemia. 

D. Effects of acute fatal anoxia on serum potassium. In figure 2 are presented 
the effects of sudden respiratory cessation on the serum potassium of dogs not 
in a state of shock. After dial anesthesia was established, the chest was opened 
and artificial respiration instituted. After a time this was suddenly stopped. 
An elevation of the serum potassium developed within a minute or two, while 
the heart was still beating actively. These experiments are frequently compli- 
vated by decline in the serum potassium during the period of artificial respiration, 
whether as a result of overventilation or from some other cause. The experi- 
ments nevertheless prove that an acute terminal rise in the serum potassium with 
respiratory failure may occur in animals whose circulatory status was normal, 
as well as in those suffering from shock. In the latter state the serum potassium 
prior to respiratory arrest was usually higher, so that the concentrations attained 
in the blood at the time of final arrest were also frequently higher than those 
found in the experiments of figure 2. 

Discussion. These experiments confirm the regular appearance of an in- 
creased serum potassium in traumatic shock. (General tissue anoxia and defec- 
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tive renal excretion both contribute to this increase. However, this increase ot 
serum potassium is as a rule too small to cause any serious cardiac derangement. 
The electrocardiographie evidence alone suffices to prove that cardiac arrest due 
to potassium poisoning is not the usual cause of death in this type of traumatic 


shock. Indeed, the absence of any premortal electrocardiographie changes ex- 
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Fig. 2. The effects of sudden acute fatal anoxia on the serum potassium of dogs not in 
shock. The experimental procedure is described in the text. Crosses indicate determina- 
tions made while the heart was still beating, squares samples obtained after cardiac arrest. 
There is regularly an acute rise in the concentration of potassium in serum within five to 
ten minutes after stopping artificial respiration. 


cept T wave inversion emphasizes the probable relative unimportance of myo- 
cardial damage in the functional pathology of shock. 

At the same time these studies do explain some inconsistencies in the literature. 
It is true that typical cardiac arrest from potassium autointoxication may ex- 
ceptionally be the terminal event. The single completely proven case occurred 
in an animal remaining in a state of shock for an unusually long period. This 
animal’s renal function must have been almost abolished during the period of 


shock, since the blood nonprotein nitrogen after thirty-six hours of shock had 


/ 
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risen to 143 mgm. per cent. This increase is as great or greater than that observed 


in completely anuric animals in the same period of time (4). The serum potas- 
sium increased more than is usual in simple anuria of this duration. It may be 
supposed that more of the animals would have died in this fashion, had not a 
more speedy form of death, due to quite different causes, overtaken them betore 
sufficient potassium could accumulate. Attempts to produce potassium poison 
ing as a terminal event by the use of less extensive initial ischemia of the leg 
resulted only in recovery of the animals. Evidently fatal potassium poisoning 
as the terminal event depends on shock of sufficient severity to cause renal failure 
and eventual death of the animal, yet not severe enough to produce death more 
acutely from respiratory failure. 

These experiments also indicate the probable interpretation ot the high tei 
minal concentrations of serum potassium which have sometimes been reported 
(1, 11). Unless special care was taken to obtain the specimens from the still 
active heart, they may have been truly postmortem samples. Since potassium 
content of cardiac blood rises swiftly as soon as the heart stops beating, an artifi- 
cially high concentration of serum potassium might have resulted. In many 
instances, however, unusually high potassium concentrations have been reported 
in samples of blood obtained while the heart was still beating. Our observations 
and those of others (12) indicate that there is a regular premortal, terminal 
rise in the potassium concentration of serum from cardiac blood (fig. 2), and that 
at times this increase may reach a considerable height. However, sharply in- 
creased concentrations of serum potassium and associated electrocardiographic 
changes do not appear until after respiration has ceased. They are therefore the 
effect, not the cause, of the agonal sequence of events. It is true that these 
terminal increases in concentration of potassium may themselves be responsible 
for certain of the final stages in the electrocardiographic sequence, and that these 
changes may therefore simulate those of spontaneous potassium poisoning. 
However, their appearance only after respiratory failure gives the clue to their 
real significance. 

CONCLUSIONS 

1. Concentration of potassium in serum consistently increases when secondary 
shock is induced by re-establishment of circulation in an ischemic limb. 

2. Death usually occurs with respiratory failure prior to or simultaneous with 
cardiac arrest, and is usually not due to potassium poisoning. Concentrations of 
potassium in serum while both respiration and heart are active in the shocked 
animal seldom exceed 8 mM per liter. These levels are too low to cause any 
circulatory embarrassment; minor electrocardiographie changes only are noted. 

3. Exceptionally, death may be due to cardiac arrest from spontaneous auto- 
intoxication with potassium. Long persistence of the shocked state with failure 
of renal excretion favors this event. It is characterized by the attainment of 
concentrations of potassium in serum exceeding 10 mM per liter while both 
heart and respiration are active, and by cardiac arrest while the respirations are 
still normally active. 
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. After respiratory arrest, there may be a rapid agonal elevation of the 


serum potassium. Such increases are the result and not the cause of the terminal 
event. 
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In previous experiments (1) young rats were kept on a diet in which yellow 
corn constituted the sole source of nourishment. For the first 20-30 days on 
this diet the rats showed only minor effects. After that they became progres- 
sively less active, lost their appetite, lost their 4—5 day oestrous cycles showing 
only constant dioestrous smears, and failed to gain weight. After the rats had 
shown these deficiency symptoms constantly for over two months, cod liver oil 
was made accessible to them in a separate container, with the result that within 
only a few days’ time they lost most of the evidences of deficiency. Their intake 
of corn increased, they started to become active again, gained weight, and within 
4 days showed regular 4 day oestrous cycles. After 15 days rats which had been 
running less than 1 mile per day, ran over 18 miles per day. The rats appeared 
to be in fine health, had smooth coats, good teeth, kept themselves clean, and 
showed no signs of deficiency. Thus, under the conditions of these experiments, 
vellow corn supplemented with cod liver oil became a complete food. 

The multiple components of cod liver oil made it impossible to conclude 
whether one or several of the substances, vitamin A or D, or one or more of the 
fatty acids, was responsible for the marked improvement in nutrition. Further 
experiments have now been made in which some of these substances were offered 
separately in purified form, to rats which for a long period of time had been kept 
on an exclusive diet of vellow corn. 

Meruops. The technique and the conditions were duplicated from the 
previous experiments. The rats were placed in the activity cages and given our 
stock diet? at an average age of 45 days and were started on the exclusive vellow 
corn diet fifteen days later. The yellow hybrid corn (no. g-94)* was finely 
ground (4225 mesh per sq. in.). 

Records were made daily of food and water intake, running activity (number 
of revolutions of running drum), and vaginal smears; weekly records were made 
of body weight and of the general appearance of the animals as to coat, eyes, 
teeth, tail, paws, etc. Thirteen piebald female rats were used. After 100 days 
on the corn diet the first group of 4 rats were given access to a solution of vitamin 
D; in specially prepared vitamin- and sterol-free cotton seed oil (50 U.S.P. 


1 Carried out under grants from the Corn Industries Research Foundation and the Com- 
mittee for Research in Endocrinology of the National Research Council. 

2? Graham flour 725; crude casein (Adler) 100; skim milk powder (Breadlac) 100; butter 
50; calcium carbonate 15; sodium chloride 10. 

’ The corn for these experiments was kindly furnished by Funk Bros. Seed Co., Bloom- 
ington, Ill. 
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units/gram) for 40 days; the 3 rats in the second group were subjected to ultra- 
violet radiation, using a quartz mercury-vapor lamp,‘ after 130 days on the corn 
diet; after 100 days on the diet, the 3 rats in the third group were offered vitamin 
A acetate dissolved in the same cotton seed oil (500 I.U./gram); and the 3 rats 
in the fourth group were offered a vitamin A- and D-free distillate of cod liver 
oil (20 per cent distillate in cotton seed oil).* 
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Fig. 1. Showing the activity, food intake, and body weight of a rat maintained on 
an exclusive diet of yellow corn and tap water for 100 days, and the effect of making a 
solution of vitamin D, available. 


Resutts. Figure 1 gives a typical record of an individual animal kept on an 
exclusive diet of vellow corn for 100 days, followed by 50 days with access to a 
solution of vitamin D; in cotton seed oil, showing daily activity, food and oil 
intake, and body weight. The activity (shown in revolutions of the drum) 
averaged nearly 16,000 revolutions per day for the last 10 days on stock food, in- 


‘ The lamp was kindly loaned by the Dept. of Physiotherapy of the Johns Hopkins Hos- 
pital. It was the electrodeless high-frequency type, manufactured by Lepel Laboratories, 
ine... 

* These preparations were provided through the courtesy of Distillation Products, Inc., 
Rochester, New York. 
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creased to more than 20,000 revolutions during the first 20 davs on the corn diet, 
and then fell within 30 days to a level near 7,000, which was maintained with 
little variation for the remaining 50 days on the corn diet. During the first 
30 days, when the activity remained high, it showed very regular 4—5 day cycles, 
with the peaks of activity accurately coinciding with the days of cornification of 
the vaginal smears; later, as the activity decreased and the vaginal smears re- 
vealed a constant state of dioestrus, the cyclical variation was lost. When 
vitamin D,; was offered, the activity began to increase within 10 days, reaching 
16,000 revolutions per day during the next 40 davs. Concurrently with the 
increase in activity (and the return of normal vaginal cycles), the 4-5 day peaks 
of activity were again evident. 

The food intake rose from a daily average of 13.6 grams for the last 10 davs on 
the stock diet to 15.1 grams for the first 10 days on the corn diet. Ninety days 
later it had fallen nearly 50 per cent, to 8.6 grams. The addition of vitmin Ds, 
caused an immediate increase in appetite, the food consumption averaging 11.7 
grams for the first 10 days with the supplement. During the 100 days on the 
corn diet the body weight of the animal was almost exactly maintained, varving 
between 126 and 134 grams. The addition of vitamin D ; caused an increase in 
weight to 141 grams in the first 10 days, and a further increase to 159 grams 
during the 31—40th day period. The vaginal smears, which with the exception 
of the few periods of cornification, had shown only the epithelial cells and leuco- 
1 cytes characteristic of a dioestrous condition, changed within 8 days to regular 4 
day oestrous cycles. 

Effects on spontaneous actwity. Table 1 summarizes the results of the changes 
5H? produced on the activity of the four groups of rats. The average daily activity 
of the 4 rats of the vitamin D; group decreased from 18,980 revolutions forthe 
first 10 days on corn to 3,707 for the 91-100th day on corn and then increased to 
12,820 for the 31—40th day period after the rats had access to vitamin D;. All 4 
rats showed essentially the same effect. 

The activity of the 3 rats in the second group decreased from an average otf 
2 15,553 revolutions per day during the first 10 days on the diet to 3,845 revolutions 

during the 91-100th day period. The ultraviolet radiation was not begun until 
the animals had been on the diet 130 days, at which time the activity had de- ' 
creased still further, to an average of 1,378 revolutions per day. The rats were 
exposed at a distance of 26 inches and the time of exposure increased by one 
minute daily, from 5 to 22 minutes, without noticeable difference in effect ; con- 
sequently after the 19th day the exposure was maintained for 15 minutes daily 
at a distance of 26 inches. The average daily activity had increased to 2,701 
revolutions during the 31—40th day period of radiation, with 2 of the 3 rats show- 
ing an increase. On the 54th day of irradiation the animals were given access 
to a solution of pure cholesterol® and the irradiation continued as before. Dur- 
ing the period from the 8-18th days with the cholesterol] the activity increased 


§ The cholesterol was also furnished by Distillation Products, Inc., and was dissolved 
in the same cotton seed oil used as vehicle for the other preparations, at a concentration 
of 31 mgm. of cholesterol per cc. 
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further, to an average of 3157 revolutions, though only one animal showed a 
pronounced effect. 

The activity of the 3 rats of the vitamin A acetate group decreased from an 
average of 20,518 revolutions for the first 10 days on corn to 3,864 for 


TABLE 1 


AVERAGE DAILY ACTIVITY NUM- AVERAGE DAILY FOOD INTAKE AVERAGE BODY WEIGHT 
BER OF REVOLUTIONS OF DRUM IN GRAMS IN GRAMS 
RAT NO 31-40th Last 10 31-40th Last 10 31-40th 
corn diet corn diet corn diet — corn diet — 
Group I—yellow corn + vitamin D; 
364y 23,932 6,996 15,962 15.1 8.6 10.8 131 133 159 
365y 20,150 2,006 14,628 14.8 7.6 11.8 132 134 148 
367y¥ 14,636 2,559 9 900 13.2 6.1 11.3 136 120 146 
369y 17,205 | 3,266 10,790 , 13.0 5.6 9.9 126 110 121 
Average.....| 18,980 | 3,707 12,820 14.0 7.0 11.0 131 124 144 
e Group II—yellow corn + ultra violet irradiation 
6,385 721 1,382} 13.0 | 10.2 9.3 145 173 164 
355z 16,166 1,614 1,018 13.3 4 9.3 139 134 152 
3572 24,108 1,800 5,703 12.9 ey 11.8 134 142 180 
' Average..... 15,553 | 1,378 2,701 13.1 8.3 10.1 139 150 165 
Group I[I—yellow corn + vitamin A acetate 
363y | 21,300 | 1,117 582 12.9 5.2 6.5 117 107 103 
366y 18,891 +, 408 2,985 14.7 6.9 7.6 27 133 130 
5z 21,364 6,068 9,193 13.2 8.3 7.4 150 151 143 
Average.....| 20,518 | 3,864 4, 253 13.6 6.8 7.2 131 130 125 
Group IV—yvellow corn + cod liver oil distillate 
368y 19,195 1,869 654 14.6 6.1 7.4 135 123 120 
6z 19,547 4,052 2,681 13.8 7.2 7.5 147 140 144 
10z 25,972 5,066 13 13.6 6.5 7.5 135 123 94 
Average 21,571 3,662 1,116 14.0 6.6 139 129 119 


the 91-100th day period on the corn diet and increased only slightly, to 4,253, 
for the 31—40th day on vitamin A acetate. With the vitamin, the activity of 
one animal increased slightly, while that of the others continued to decrease. 
The activity of the 3 rats of the cod liver oil distillate group decreased from a 
daily average of 21,571 revolutions for the first 10 davs on corn to 3,662 for the 
91-100th day period and decreased further to 1,116 for the 31—40th day after 
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access was given to cod liver oil distillate. All 3 rats became less active on the 
concentrate. 

Effects on appetite. Table 1 shows that the average daily food intake of group I 
decreased from 14.0 grams for the first 10 days on corn to 7.0 grams for the 
91-100th day period, i.e., 50 per cent, and increased to 11.0 grams for the 31—40th 
day period on the vitamin D; supplement. However, although the food intake 
increased sharply on the supplement, it did not attain its originally high level. 
All 4 rats showed essentially the same change. 

The second group also showed a decrease in food intake while on the corn diet, 
from an average of 13.1 grams during the first 10 days to 9.8 grams in 
the 91-100th day period, and a still further decrease to 8.3 grams during the 
131-140th days, immediately before the start of ultraviolet radiation. During 
the 31-40th days of treatment the average food consumption was 10.1 grams, 
which was almost unaffected by the subsequent addition of cholesterol. 

The average food intake of the rats in group III decreased from 13.6 to 6.8 
grams on corn and increased slightly, to 7.2 grams, on the vitamin A acetate. 
Two rats showed an increase, and one a decrease with the supplement. 

The food intake of the group IV rats decreased from an average of 14.0 to 
6.6 grams on corn and increased slightly, to 7.5 grams, on the cod liver oil dis- 
tillate. 

Effects on body weight. Table 1 also shows the changes produced on body 
weight. The body weights of the rats in all 4 groups remained approximately 
the same throughout the time on the corn diet. However, when they were 
given access to the different vitamin preparations, marked differences were 
brought out. The animals given vitamin D; all began to gain weight promptly, 
increasing from an average weight of 124 to 144 grams in 40 days, and those 
irradiated with the quartz mercury vapor lamp also gained weight, from 150 
to 165 grams, though less rapidly. On the other hand, the rats in the other 2 
groups not only failed to gaim, but actually lost weight: those given vitamin A 
decreased from 130 to 125 grams, while those given the vitamin-free distillate of 
cod liver oil decreased from 129 to 119 grams, on the average. 

Effects on oestrous cycles. During the period on the stock diet all 13 
rats showed fairly regular 4 day cycles of cornification, which were maintained 
with the same regularity for from 12 to 50 days on the corn diet. After this time 
6 of the animals remained in a state of constant dioestrus throughout the re- 
maining time on corn, while 6 continued to show rare days of cornification during 
the next 15 to 75 days, and one exceptional animal at no time showed any pro- 
longed abnormality of the oestrous cycle. When the various supplements were 
added, the effects on the 4 groups were again widely different. Whereas 3 of 
the 4 rats in the vitamin D; group showed regular cycles starting within 8 days, 
and continuing throughout the 40 days of the experimental period, and all 3 ir- 
radiated animals also showed regular cycles in 1, 6, and 26 days respectively, 
none of the 6 rats in the other 2 groups showed any change from their previous 
state of constant dioestrus. 

Discussion. The present results show that in the previous experiments the 
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effects produced by cod liver oil on the energy, appetite, and sex cycles of rat- 
kept on a diet of vellow corn exclusively, must have resulted in large part from 
the vitamin D content of the cod liver oil. The results showed, further, that 
when supplemented with vitamin Ds, yellow corn became almost a complete food, 
and that, to a lesser extent, ultraviolet irradiation of the animals had a similar 
beneficial effect. However, if the experiments had been continued over longer 
periods of time, or if the rats had been mated, some deficiencies might have 
manifested themselves. Definite proof has thus been obtained of the depend- 
ence of energy output, appetite, and the condition of the reproductive tract on 
vitamin D, under these conditions. 

The observation that rats show less energy on a vitamin D deficient diet is in 
agreement with the reports of several other workers. Seel (2) found that the 
basal metabolic rate was lowered in rickets and could be restored to normal by 
vitamin D treatment. Many other workers have confirmed this observation. 
Reed et al. (3) and Reed (4) reported that vitamin D treatment increased the 
metabolic rate in dogs and in rats. Ziegler and Knudson (5) and Nicolaysen (6) 
also found that rats kept on a rachitic diet became less active and showed a 
lowered food intake. 

The marked depression in activity produced by the lack of vitamin D and 
the sharp increase in activity produced by the vitamin D treatment, and to a 
lesser extent by ultraviolet irradiation, might suggest either a primary effect on 
the thyroid gland or a direct effect on carbohydrate metabolism. It is conceiv- 
able that without vitamin D the rats could not utilize the large amount of carbo- 
hydrate present in corn. 

The probability must also be considered that changes in calcium metabolism 
played an important part in this phenomenon. Corn is known to have an ex- 
tremely low calcium content, so low that on theoretical grounds it is surprising 
that rats should be able to exist so long on a diet limited to corn. The vitamin 
D presumably brought about a more efficient utilization of the small amounts of 
calcium that are present in corn. 

Several workers had previously reported either direct or indirect effects of 
vitamin D on the reproductive tract. Frey (7) found that vitamin D in the 
form of vigantol affected the sex cycles of rats and Agduhr (8) reported that 
moderately large doses of ergosterol increased the rate of reproduction of rabbits. 
In human beings clinical observations, made usually in connection with vitamin 
D treatment of other conditions, have shown that large doses of vitamin D may 
have a definite effect on the reproductive tract. Thus Reed, Struck and Steck 
reported that in 12 of 388 women experimentally given massive vitamin D 
therapy for arthritis and miscellaneous other conditions there was a definite 
estrogenic effect (9). In the most marked case a 23 year old woman, with a 
history of irregular menses since puberty at the age of 12, with inter-menstrual 
periods varying from 16 days to 3 months, menstruated every 28 days during the 
4 months of therapy, and gradually regressed to her previous irregularity within 
6 months of the cessation of the vitamin D administration. In the light of 
our experimental results, it seems possible that the 12 women showing the estro- 
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genic response were either actually deficient in or showed a heightened require- 
ment for vitamin D. 

The close similarity between the symptoms and the appearances of the vitamin 
D-deficient single food corn rats and those of hvypophysectomized rats—the low 
level of activity, poor appetite, failure to grow, constant dioestrous condition 
would suggest that the deficiency may have a primary effect on the anterior lobe 
of the pituitary gland. The results of treatment with anterior lobe extracts, 
and a histological study of the hypophyses of single food corn rats should help 
to determine the réle played by the pituitary. If such experiments brought out 
a close interrelationship, the effect of vitamin D on activity, calcium metab- 
olism, and the reproductive cycles could be interpreted as the result of stimula- 
tion of the thyroid, parathyroids, and ovaries by the corresponding anterior 
pituitary hormones. 


SUMMARY 


1. The decreased activity, poor food intake, and constant state of dioestrus 
produced in rats by an exclusive diet of yellow corn, are all corrected by giving 
the animals access to a solution of pure vitamin Ds. 

2. Ultraviolet irradiation of yellow corn fed animals has a similar corrective 
effect, but to a less marked extent than does the administration of the vitamin. 

3. Both vitamin A acetate and a vitamin A- and D-free distillate of cod liver 
oil were essentially without effect on the nutritive condition of rats maintained 
on the yellow corn diet for 100 days. 

4. Therefore, it is concluded that the supplementary value of cod liver oil 
on an exclusive diet of vellow corn is, in all probability, due to the vitamin D 
content of the fish oil. 

5. Attention was called to the close similarity between the symptoms of 
single food corn rats and those of hypophysectomized rats, and the possibility 
was considered that vitamin P might achieve its effect indirectly through stimu- 
lation of the anterior lobe of the hypophysis. 
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Considerable attention has been directed upon the relative inability of the 


kidney to concentrate sodium chloride in the urine in diabetes insipidus (1-7). 


Indeed, the very existence of the polyuria has been ascribed to the salt contained 


in the ordinary diet, and the decline in polyuria during fasting has been thought 


to be due to a lessened excretion of salt (4-6), but this has been shown to be not 


true for the cat with experimental diabetes insipidus (d.i.) (7). Little attention 
has been paid in the literature on d.i. to the excretion of substances other than 
salt, but as a result of the experiments herein reported, it is evident that the d.i. 


kidney also suffers from relative inability to concentrate nitrogen in the urine. 


Since, on an ordinary diet, nitrogenous substances form the major portion of the 


total solids in the urine, deficient ability to concentrate nitrogen is of greater 


relative importance in the maintenance of the polvuria than is the disability to 
concentrate salt. 
MerHops. Cats and dogs have been used in these experiments. D.i. was 


produced in the cats either by hypothalamic lesions with a Horsley-Clarke 
stereotaxic instrument, or by section of the hypophyseal stalk, and in the dogs 
by stalk section only. The stock diet of the cats consisted of raw ground beef, 
80 grams, and milk, 100 cc. daily ; for the dogs, 200 grams to 300 grams of commer- 
cial dog biscuits. Experimental diets were devised by which we could varv 
independently the nitrogen, sodium chloride (determined as chloride), or calorie 
content. Total nitrogen in each diet was determined and corrected by a digesti- 
bility factor (9); chloride was estimated by Volhard-Harvey titration after open 
Carius digestion. Caloric content was not determined, but calculated from 
tables (10). Urinary nitrogen was determined by a microkjeldahl. procedure, 
with Nesslerization and reading in a photoelectric colorimeter. Creatinine 


clearances were obtained on trained dogs, about two hours after priming by 


stomach tube with about 0.2 gram of creatinine per kilogram of body weight. 
For creatinine analysis, color was developed by the Jaffe reaction and read in 
the photoelectric colorimeter. In the dog, creatinine clearance may be taken as 
a measure of glomerular filtration; the figures recorded are averages of at least 
three clearance periods of approximately twenty minutes each. The U/P ratio 
(concentration of creatinine in the urine divided by that in the plasma) was 
determined, and used as an index of tubular reabsorption, for it can be shown 


100 (U/P — 1) 
U/P 


= per cent of filtered water reabsorbed by the renal tubules. 


OBSERVATIONS. Effect on urine volume of cats of varying the nitrogen intake. 
The routine diet of the cats contained about 3.2 grams of total nitrogen in a 
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daily portion. On such a regime, a norma] cat excretes urine with a total nitro- 
gen concentration averaging about 25 mgm. per cc., but the d.i. cat’s urine has 
only 4 to 10 mgm. nitrogen per cc., depending on the degree of the polyuria. 
The degree to which a d.i. cat concentrates nitrogen in the urine is fairly constant 
for any one individual animal under a rather wide range of nitrogen intake, 
whereas in the normal animal the concentration varies widely under different 


dietary conditions (table 1). 


TABLE 1 
Effect of dietary changes on the polyuria of experimental diabetes insipidus in cats 
Values shown are averages for 24-hour periods 


NUM- INTAKE URINARY OUTPUT 
KIND OF DIET BER 
DAYS Cl as NaCl Total nitrogen Volume 
gram gram rams par gram 
d.i. A, stock 5 | 228 | 0.238) 2.88 10 | 0.282) 383 | 2.59 | 675 
B, high ealori 3 251 | 0.281) 2.73 3 0.217 22 675 
C, low calorie 3 | 154 | 0.193) 2.79 | 38 | 0.262; 401 | 2.71 | 672 
D, low nitrogen 245 | 0.110) 1.25 3] 0.132) 403 | 1.59 395 
E, low calorie } 48 0.203 2.74 2 0.233, 488 | 2.73, 554 
low nitrogen 
+ urea 
F, high nitrogen 2 237 | 0.376 4.09 «0.294, 386 3.40 875 
G, low nitrogen 5 236 | 0.202; 0.77 56 0.142 405 | 1.03 256 
d.i. A, stock 5 228 | 0.238 2.88 57 0.244; 604 | 2.57 27 
B, high calorie 3 | 231 | O.281) 3.73 46 | 0.218 556 | 2.77) 466 
C, low calorie 3 154 | 0.193) 2.79 49 | 0.249) 558 | 2.84 507 
D, low nitrogen 3 245 | 0.110 1.25 63 0.160; 579 > 1.55 267 
E, low calorie 3 148 | 0.203) 2.74 52 0.211; 703 | 2.87 413 
low nitrogen 
+ urea 
F, high nitrogen 2 237 | 0.376 4.09 56 | 0.310' 707 | 3.13 | 553 
G, low nitrogen 5 141 0.124 0.46 48 0.113; 540/| 1.23 | 232 
Normal A, stock 14 228 0.238 2.88 2789 | 2.84 103 ‘ 
D, low nitrogen 3 245 | 0.110 1.25 4365 61.10 23 
F, high nitrogen 3 237 | 0.376 4.09 4288 4.62 102 


Figure 1 shows the prompt subsidence of the polyuria which occurs in a d.i. 
cat when the protein intake is reduced without significant change in caloric or 
chloride intake. The picture here is identical with that seen during fasting. 
Experiments similar to the one shown were performed on three other d.i. cats, 
with similar results. Such experiments suggest that the marked decrease in 
urine volume of d.i. observed during fasting may be attributed to lessened de- 
mand for water for the excretion of urinary nitrogenous compounds, and the 
reason the d.i. animal exhibits a polyuria under ordinary circumstances is that 
the kidney is so deficient in ability to concentrate nitrogenous substances that 
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an amount of nitrogen which can be excreted in a small volume of urine by th« 
normal individual has a strongly diuretic effect in d.i. This interpretation is 
strengthened by further experiments reported below. 

We do not mean to imply that relative inability to concentrate nitrogen is the 
only deficiency exhibited by the d.i. kidney, for it has been amply demonstrated 
that a similar dysfunction exists with respect to sodium chloride (1, 2, 3, 7, 8), 
and it is probable that the same may be found to be true for other urinary con- 
stituents as well. But the amount of sodium chloride contained in the stock 
diet is well within the limit which the d.i. kidney can handle with little or no 
polyuria (7), whereas the nitrogen ordinarily ingested is in excess of that which 


TR 


Fig. 1 Fig. 2 

Fig. 1. Cat with diabetes insipidus. Effect on the polyuria of an abrupt reduction of 
the protein in the diet, and subsequent return to stock diet. Solid line, urine volume. 
Broken line, total urinary nitrogen excretion. Triangles, nitrogen intake. 

Fig. 2. Dog with diabetes insipidus. Parallelism between nitrogen excretion and urine 
volume on various diets. Solid line, urine volume. Broken line, total urinary nitrogen 
excretion. Abscissae, 24-hour periods. Diets as follows: A, stock; B, reduced nitrogen; 
C, fast; D, low nitrogen; E, stock. 


the d.i. animal can excrete in a normal urine volume, and hence there is a polyuria 
on a normal diet. 

The exact degree to which the polyuria could be reduced by a procedure such 
as is shown in figure 1 varied with different animals, depending on the degree of 
the initial polyuria. A cat with a very severe d.i., such as is shown in the figure, 
could not be reduced to a completely normal urine volume (100 to 150 ce.). We 
did not find it possible to reduce the urinary total nitrogen excretion in cats to a 
level much below 1 gram a day, either during fasting or with low nitrogen intake. 
Thus, under these circumstances, the nitrogen output was still sufficient to keep 
the urine volume somewhat above the level characteristic of a normal animal, 
except in the case of one d.i. cat that had a relatively mild polyuria even on the 
stock diet. 

Table 1 shows results obtained in a series of experiments designed to determine 
the effect of different dietary procedures on the urine volume. The experiments 
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vere performed on 5 d.i. and 2 normal cats, and some of them were repeated sev- 
ral times on each cat; the table, therefore, does not show all the results, but 
those shown are typical. It is to be noted that chloride concentrations are low 
in all the diets, so that none of the changes in urine volume shown can be attrib- 
uted to the slight variations in chloride; for example, in a d.i. cat, in order to 
obtain by sodium chloride alone an increase in urine volume as great as that 
obtained by high nitrogen (diet F), the chloride content of the diet would have 
to be 5 to 10 times as great as that actually present (7 

The variations in chloride content of the various diets in table 1 are, therefore, 
to be regarded as unimportant, because there is not enough chloride in any of 
them to require a large urine volume for its excretion, even in a d.i. eat. Inspee- 
tion of the table reveals that the urine volume of the d.i. cats is independent of the 
caloric intake, at least within the limits employed, but parallels very closely the 
nitrogen excretion. Diversity in caloric and nitrogen intake was obtained by 
feeding beef, milk, eggs and suet in varying proportions. Diet E demonstrates 
that it is indeed the nitrogen and not some other constituent of the diets that is 
responsible for the results obtained. This was a ‘“‘low-calorie, low nitrogen”’ diet, 
to which enough crystalline urea was added to bring the nitrogen content up to 
approximately the normal level. 

In contrast to the results obtained in d.i. cats, the normal cats responded to a 
high nitrogen intake by merely increasing the concentration of nitrogen in the 
urine, without increasing the urine volume. In this respect, the normal cats 
differed from the dogs (see below), and resembled the rats reported by Gamble 
etal. (11). Ona low nitrogen diet, the urine volume of the normal cats dropped 
as markedly as that of the d.i., but nevertheless the response of the two groups 
was different. The low nitrogen diet used was not only lower in nitrogen than 
the stock diet, but lower in water content as well. Since the normal cats drank 
no water during the time under observation (water was given ad libitum during 
these experiments), they excreted a small volume of highly concentrated urine. 

Effect of water restriction. In the experiments reported up to this point, the 
cats were allowed free access to water. The question arises: if water is withheld 
from the d.i. eat, can he be forced to concentrate nitrogen in a manner similar to 
the normal cat? Such “dehydration” experiments are shown in table 2. Dur- 
ing the dehydration period, the d.i. cats received their usual diet of meat and 
milk, but water was completely withheld, except for the animal with the most 
severe polyuria, which received a total of 200 cc. of water to drink during the 
first two days, and no water for the rest of the period. Previous experience had 
shown that such a procedure was sufficient to bring about serious dehydration 
in d.i. eats. Normal cats can not be dehydrated by merely withholding water, 
so these animals were not only denied both water and milk, but in addition about 
one-third of the water in the meat was removed before it was fed. They suffered 
no ill effects from such treatment; indeed, we had found by previous tests that 
normal cats could stand such a regimen apparently indefinitely. Thus, it ean 
not be said that the normal animals were actually dehydrated. The experiment 
does, however, show something of the ability of the normal kidney to concentrate 
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nitrogen, although the concentrations shown here are not necessarily the maxi 
mum of which the animals are capable. The d.i. cats, on the other hand, called 
upon their bodily reserves of water in order to excrete the nitrogen during the 
dehydration period, and ran a strongly negative water balance (see also (19)). 
They appear to be concentrating nitrogen to the maximum of their ability, and 
yet their concentration is much less than that of the normal cats, even when the 
latter have free access to water. The d.i. cat under such conditions loses wate 
from his tissues so fast that he is dehydrated to a degree dangerous to his health 
within a few days, and the experiment has to be discontinued. 

Experiments on dogs. Certain comparable experiments were performed on 4 
d.i. and 3 normal dogs. Figure 2 shows that in the dog, as in the cat, reduction 


TABLE 2 


Effect of restricted water intake on urine volume and nitrogen concentration 


CONTROL PERIOD WATER RESTRICTION PERIOD 
Ave. Ave. 

Ave Ave. Ave. urinary Se. Ave Ave. Ave. urinary a. 

daily daily urine total Number daily daily urine total 
urine water specific nitrogen shee of days urine water specific | nitrogen ll 
volume drunk gravity concen- volume drunk | gravity | concen- | 
tration | tration 

d.i. cats 

ce. per coil grams ce. our grams 

387 282 1.008 689 2.66 5 171 0 1.015 | 1348 2.30 

331 246 1.010 865 2.86 } 166 0 1.020 1660 2.74 

616 513 1.006 438 2.70 t 239 50 1.014 983 2.23 

408 321 1.009 724 2.94 5 170 0 1.020 1547 2.61 

Normal cats 

99 | 0 1.031 | 2288 2.29 | o } 45 Vv 1.055 | 6952 | 2.75 

| | | 
us i. 6 1.033 | 2.31 5 | 48 0 1.060 | 6420 | 3.11 
| | 


2544 | 


in the nitrogen intake leads to a diminished polyuria, although the urine volume 
does not fall completely to a level characteristic of the normal animal. For the 
low nitrogen diet, suet was substituted for part of the dog biscuits. Figure 3 
shows that the degree of the polyuria parallels the nitrogen output when the so- 
dium chloride intake is not at an abnormally high level. On the other hand, this 
experiment confirms previously reported results on cats (7) that when the salt 
intake is increased to a level considerably above that found in an ordinary diet, 
the urine volume tends to parallel the chloride output, even on a low nitrogen 
diet. In other words, the deficient concentrating ability of the d.i. kidney is not 
specific for either salt or nitrogenous substances; the necessity for the excretion 
of a large quantity of either substance is sufficient for the maintenance of a high 
degree of polyuria, and in order to reduce the polvuria of d.i. by dietary means 
alone it is necessary that both the sodium chloride and the nitrogen intake be 
maintained at a low level. 
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The lack of any specific effect for either sodium chloride or nitrogenous com 
pounds is further shown by the data presented in figure 4. In these experiments, 
both chloride and total nitrogen output were determined; the chloride was calcu 
lated as os-millimols! of NaCl, and the nitrogen as os-millimols of urea. The 
sum of these two, representing approximately the total osmolar daily excretion 
of these substances, is plotted against the daily urine volume. It is to be noted 
that in both the normal and the d.i. dog, the urine volume varies directly with the 
sum of the osmotic activities of the urea and NaCl exereted. It is recognized 
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Fig. 3 Fig. 4 

Fig. 3. Dog with diabetes insipidus. Parallelism between nitrogen excretion and urine 
volume when salt intake is low, and between NaC! excretion and urine volume when salt 
intake is high. Solid line, urine volume. Broken line, nitrogen excretion. Dotted line, 
chloride excretion as NaCl. A, low nitrogen, low salt diet; B, high nitrogen, low salt diet; 
C, NaCl intake increased; D, nitrogen intake decreased; E, low nitrogen, high salt diet 
Abscissae, 24-hour periods. 

Fig. 4. Relation between urine volume and daily excretion of osmotically active sub- 
stances. Ordinates, average daily urine volume,ce. Abscissae, sum of chloride and nitro- 
gen excretions, the Cl expressed as os-millimols of NaCl, and the nitrogen expressed as 
os-millimols of urea. Circles, animals on constant chloride but variable nitrogen intake; 
crosses, animals on constant nitrogen but variable chloride intake. Lower line, normal dog; 
upper, dog with diabetes insipidus. The lower line is based on 82, and the upper on 80, 
daily observations. Straight lines were calculated by the method of least squares. 


that there are other osmotically active substances excreted, but under the condi- 
tions of these experiments, the substances determined must represent the greater 
portion of the total osmotic activity of the urine, and as the sodium chloride and 
nitrogen are varied within the rather wide range shown, so does the total excretion 
of osmotically active particles vary. The difference in slope, as well as in height, 
of the dines representing the data from the normal and from the d.i. dog, is an 
expression of the divergent concentrating abilities of the kidneys of the two dogs. 
The finding here in the normal dog is somewhat at variance with our data for the 
normal cat (see above), for in the cat, adding nitrogen to the diet merely increased 


1 The term “‘os-millimol’’ is employed here in the same sense as used by Gamble et al. (11 
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the concentration of total nitrogen in the urine, without appreciable effect on the 
urine volume. Gamble (11) reported that in the normal rat, less water was re- 
quired to excrete urea added to a basal diet than an osmotically equivalent 
amount of added salt. Our data would make it appear that while the normal 
cat apparently resembles the rat in that particular, the dog does not. In the 
presence of d.i., neither the dog nor the cat behave like the normal rat. 

Nitrogen partition experiments. Various fractions of the total urinary nitrogen 
were determined as shown in table 3. Control values were obtained on 4 d.i. 
cats and 2 normals, and then 2 of the d.i. cats and one of the normals were placed 
on high nitrogen diet, while the other animals in the experiment were placed on a 
low nitrogen diet. Finally, 2 of the d.i. cats and one normal were given Pitressin 
injections, 3 units 3 times daily, while on the stock diet. There is no evidence 


TABLE 3 
Urinary nitrogen partition in diabetes insipidus and normal cats 


Values shown are averages for 24-hour periods 


LENGTH UN- 

PROCEDURE KIND OF OF — UREA N DETER- 

F ATS PERIOD NINE | 

days grams grams gram 

Control period d.i. 4 10 2.66 2.31 0.15 0.0028 | 0.045 0.15 
Normal 2 10 2.66 | 2.19 0.13 0.0025 0.049 | 0.29 

High-nitrogen d.i. 2 4 3.50 | 3.29 0.13 0.0025 | 0.049 0.03 
diet Normal] 1 4 3.64 2.90 0.18 0.0020 | 0.055 0.50 
Low-nitrogen as. 2 4 1.27 koe 0.08 0.0010 | 0.049 0.01 
Normal l 4 2.17 | 1.99 0.09 0.0016 | 0.052 0.04 

Pitressin injec- | d.i. 2 3 2.31 | 2.12 | 0.12 0.037 0.03 
tions Normal l 3 2.28 2.04 0.09 0.0020 0.052 0.03 


from these experiments that there is any difference between the d.i. and the nor- 
mal cats in nitrogen metabolism. The percentage of the total nitrogen to be 
found in each of the various fractions determined is essentially the same in both 
groups; the small differences shown are within the range of the individual daily 
variations. The nitrogen partition did not appear to be significantly altered by 
the diets used, nor by Pitressin injections. 

Glomerular filtration and tubular reabsorption as affected by dietary changes. 
Since daily urine volumes reflect changes in nitrogen intake, it is of interest to 
determine whether the urinary variations are accompanied by alterations of 
glomerular filtration, tubular reabsorption of water, or both. Therefore; crea- 
tinine clearance determinations were made on 2 d.i. and 2 normal dogs under 
various dietary conditions. It has been shown by others (12-16) that urea and 
xvlose clearances in dogs are elevated by high protein diets, and depressed by low 


protein diets. Hiatt and Hiatt (17) demonstrated a post-prandial increase in 
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glomerular filtration (creatinine clearance) and renal plasma flow (diodrast 


clearance) in the harbor seal, and gave evidence that proteins were the active 
agents. The plan of our experiments, however, differed somewhat from any of 
these. Briefly, it was a follows: the animals were placed on a stock diet of dog 
biscuits; when the urine volumes had assumed their characteristic levels for these 
diets, the creatinine clearance was measured, usually about 18 hours after the 
last feeding, except in one dog (no. 4), which was consistently run 8 hours after 
feeding. At least two control determinations were made on each animal on 
different days, three clearance periods constituting one determination. The 


TABLE 4 
Effect of dietary changes on creatinine clearance 


(All clearances are post-absorptive except the one indicated otherwise) 


URINE FLOW 


DOG NUMBER KIND OF ANIMAL DIET DURING CLEAR- 
ANCE PERIOD 
min min 
1 Normal Control 53.4 0.28 223 
High-nitrogen 47.2 0.27 179 
3-day fast 51.5 0.15 353 
43 hours after 70.4 0.35 203 
high-N meal 
2 Normal Control 45.9 0.18 249 
4-day fast 32.0 0.10 328 
Low-nitrogen 46.4 0.20 228 
3 d.i. Control 57.0 2.92 20.2 
4-day fast 52.4 1.82 29.1 
5-day fast 50.6 1.18 42.8 
Low-nitrogen 53.4 1.78 30.3 
High-nitrogen 59.0 3.84 15.5 
4 d.i. Control 19.4 3.97 12.5 
Low-nitrogen 10.3 1.64 24.3 
High-nitrogen §1.3 4.78 10.8 


animal was then fasted, or placed on an experimental diet, and after a varving 
number of days, when the urine volume appeared to be established at a new level, 
the creatinine clearance was again determined. The high-nitrogen diets we have 
used were not as high in protein content as the meat diets used by Jolliffe and 
Smith (13) or by Shannon et al. (16), and the variations in clearance we observed 
were not as great. It was not our purpose to obtain maximum increases in 
glomerular filtration by excessive protein intakes, but rather to observe whateve1 
alterations in glomerular filtration and tubular reabsorption might be found to 
accompany the changes in degree of polvuria associated with the different diets. 

The results are summarized in table 4. It is clear trom these data that 
changes in tubular reabsorption are much more marked than are those in glomer- 
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ular filtration. Only in a fast of 4 to 5 days’ duration was there any consistently 
observed diminution of creatinine clearance. The changes in filtration which 
occurred post-absorptively following a high-nitrogen or low-nitrogen diet are 
(with the possible exception of the low-nitrogen clearance in dog 4) within the 
range of variation obtained in the various control observations. On the other 
hand, tubular reabsorption of water, as shown by the creatinine U/P ratios, 
varies considerably on the different diets. In all the experiments except one 
(low-nitrogen in dog 2), tubular reabsorption of water is higher than the control 
during fasting or low-nitrogen diet, and lower than the control during high- 
nitrogen diet. The result is as marked in the d.i. as in the normal dogs. It is 
consistent with the observation (see above) that the urine volume varies with 
the number of osmotically active particles excreted. On a high nitrogen diet, 
there are more such particles present in the tubular fluid to hold water within 
the tubule by osmotic attraction, and hence the percentage reabsorption of water 
is less. On the low-nitrogen diet, or during fasting, the converse holds. This 
effect is more or less independent of the titer of antidiuretic substance present, 
and hence is seen in both the normal and the d.i. animals. This interpretation 
is consistent with the report of Shannon (18) that the mechanism of water reab- 
sorption is the same in normal and in d.i. dogs. The one example included in 
table 4 of a post-prandial but not post-absorptive clearance (dog 1) is an illus- 
tration of the well-known fact that glomerular filtration is augmented during 
intestinal absorption of a meal, especially of a high protein meal. This is com- 
parable with the experiments of Hiatt and Hiatt (17). The rest of the figures 
in the table, however, clearly show that the effect on tubular reabsorption of 
water of varying the nitrogen intake is not confined to the period during which 
the meal is being absorbed, even though the glomerular filtration may return to 
normal after absorption is completed. 


SUMMARY 


Previous work from this and other laboratories has demonstrated that in 
diabetes insipidus there is a deficiency in ability to concentrate sodium chloride 
inthe urine. The present work shows that a similar deficiency exists with regard 
to nitrogenous compounds. Indeed, the latter appear to be relatively more 
important than the former in the maintenance of the polyuria under ordinary 
dietary conditions, because nitrogenous substances form the major portion of 
the total solids of the urine. The polyuria may be markedly reduced in dogs or 
cats with experimental diabetes insipidus on a nearly constant chloride intake by 
reducing the nitrogen content of the diet, or may be exaggerated by increasing 
the nitrogen intake. This effect is independent of the caloric content of the diet. 
The polyuria parallels the sodium chloride intake even on a low protein diet, if 
NaCl is fed in excessive amounts, but not unless that salt is present in amount 
exceeding that found in ordinary diets. In general, the polyuria varies directly 
with the sum of the osmotic activities of the NaCl and nitrogenous compounds in 
the urine. Thus, in order to reduce the polyuria of diabetes insipidus by dietary 
means alone, both the nitrogen and salt intakes must be kept low. Nitrogen 
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partition determinations show no evidence of any abnormality in nitrogen metab- 
olism in diabetes insipidus. Creatinine clearance studies show that the changes 
in urine volume accompanying alterations in protein intake extend into the 
postabsorptive period, after the glomerular filtration has returned to the level 
observed postabsorptively on a control diet. Postabsorptive tubular reabsorp- 
tion of water, however, is greater on a low nitrogen diet, and less on a high protein 
diet, than the control. This is interpreted on the basis of the osmotic effect of 
the nitrogenous substances present in the tubular fluid. 


REFERENCES 

(1) Waite, H. L. anp T. Finptey, Jr. J. Clin. Investigation 18: 377, 1939 

KaRLSON, S. AND B. Norperc. Acta med. Scand. 88: 585, 1936 

Desre, R., J. Marte, D. NaCHMANSOHN AND J. BERNARD. Bull. et Mem. Soc. med. 

d. Hop. de Paris 52: 967, 1936 

4) Swann, H.G. ano B. J. PENNER. Endocrinology 24: 253, 1939 

(5) Swann, H.G. Endocrinology 25: 288, 1939. 

(6) Swann, H.G. This Journal 126: 341, 1939. 

7) Winter, C. A., D.G. Satrrter W.R. INGRAM. This Journal 131: 363, 1940 

8) Fisner, C., W. R. InGram anno 8. W. Ranson. Diabetes insipidus. Edwards Bros., 

Ann Arbor, 1938. 

(9) Brine, F. A. anp L. B. MENDEL. This Journal 98: 169, 1931. 

(10) Lusk, G. The fundamental basis of nutrition. Yale University Press, ed. 2, 1923 

11) J. L., C. F. McKuann, A. M. ButLer anno E. This Journal 109: 
139, 1934. 

12) Joturrre, N. anD H. W. Smitu. This Journal 98: 572, 1931. 

13) JotuiFFE, N. anpD H. W. Smitu. This Journal 99: 101, 1931. 

(14) Van Stryke, D. D., C. P. Ruoaps, A. Hitter anp A. AtvinGc. This Journal 110: 
387, 1934. 

15) Pirts,R. F. J. Nutrition 9: 657, 1935. 

(16) SHannon, J. A., N. anp H.W. This Journal 101: 625, 1932. 

17) Hiatt, E. P. anp R. B. Hiatt. J. Cell. and Comp. Physiol., 19: 221, 1942. 

18) SHannon, J. A. J. Exper. Med. 76: 371, 1942. 

(19) INcram, W. R. ano C. A. Winter. This Journal 122: 143, 1938. 


OBSERVATIONS ON THE POLYURIA PRODUCED BY 
DESOXYCORTICOSTERONE ACETATE 


CHARLES A. WINTER anv W. R. INGRAM 


From the Departments of Physiology and Anatomy, State University of Iowa 
Received for publication May 21, 1943 


A syndrome resembling diabetes insipidus develops in dogs during daily admin- 
istration of desoxycorticosterone acetate (1-5). Britton and his co-workers 
(6-9) and Mulinos e¢ al. (3) have developed the hypothesis that the adrenocorti- 
cal hormone and the posterior lobe antidiuretic hormone are physiological 
antagonists; according to this view, diabetes insipidus may be explained by the 
unmasking of the diuretic effect of the adrenal cortex when there is a deficiency 
of posterior lobe secretion. We have for several years maintained a colony oi 
animals with experimental diabetes insipidus (d.i.), and we have sought to deter- 
mine the effect of injections of corticoadrenal extract and of desoxycorticosterone 
acetate (DCA) on these animals, as well as to compare the polyuric syndrome 
produced by such injections in normal animals with that produced by pituitary 
stalk section. 

Metnops. Both cats and dogs have been used in these experiments. The 
animals were kept in metabolism cages, and measurements of water intake and 
urine volume were made daily; water was allowed ad libitum. Experimental d.i 
was produced by pituitary stalk section, leaving the anterior lobe intact. All 
injections were made subcutaneously. Urinary chloride was determined by the 
method previously described (10); nitrogen was determined by Nesslerization of 
a microkjeldahl digest, and reading in a Klett-Summerson photoelectric color- 
imeter. Postabsorptive plasma creatinine clearances were obtained for some of 
the dogs, after priming with about 0.2 gram of creatinine per kilogram of body 
weight by stomach tube about two hours before the determination. Three 
clearance periods of approximately twenty minutes’ duration each were obtained, 
and the average value for the three periods recorded. Color was developed by 
the Jaffé reaction, and read in the photoelectric colorimeter. 

OBSERVATIONS. Effect of cortin and of desoxycorticosterone acetate on normal 
and on di. cats. Cats respond promptly to posterior lobe denervation by in- 
creasing the urine volume to four or five times the normal. We therefore thought 
that if the polvuria of d.i. is due to the diuretic effect of adrenocortical substances, 
the cat might be a good animal for demonstrating it. A d.i. cat with an average 
urine volume of about 500 cc. daily was injected with 2 ce. of adrenal cortex 
extract! twice daily for six days. The average urine volume for the six days was 
{80 ec., and at no time was there any evidence in the 24-hour urine volume of any 

1 Thanks are due to Dr. David Klein of the Wilson Laboratories, Chicago, II1., and to Dr. 
Oliver Kamm of Parke-Davis and Co. for their kindness in providing the corticoadrenal 
extracts used, and to Dr. Erwin Schwenk of Schering Corporation, who supplied all the 


desoxveorticosterone acetate in oil (Cortate) used in these experiments. 
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diuretic effect of the extract. This result was typical of 7 animals (6 d.i. and 1 
normal) to which cortical extract was administered, although in 3 of them the 
dosage was as high as 8 cc. daily, divided into two injections. Throughout these 
experiments, the cats were on a constant diet of 80 grams ground raw lean beef and 
100 ec. milk, containing about 0.238 gram of Cl as NaCl in a daily portion. 

Such results do not necessarily prove that cortical hormone has no diuretic 
effect in the cat, for the extract was administered in an aqueous medium, and it 
is quite possible that the cortin was absorbed so promptly that the effect would 
not show up in a 24-hour urine collection. Furthermore, Mulinos et al. (3) re- 
ported that the effect of DCA in dogs is greater if the animals were on a diet 
containing considerable quantities of salt. We therefore tried injecting DCA in 
oil, and changed the diet of the cats to 100 grams of canned dog food and 100 ec. 
of milk; the total Cl as NaCl in the diet was about 0.8 gram daily. 

Ragan et al. (2) and Ferrebee et al. (4) gave their dogs 25 mgm. of DCA a day, 
but Moehlig and Jaffe (5) reported that 5 to 10 mgm. daily would increase the 
water exchange of dogs, while Mulinos et al. (3) found that the polyuria could be 
developed by as little as 2 to 4 mgm. daily. We started two normal cats on 15 
mgm. daily, gradually increasing the dosage to 30 mgm., continuing the injec- 
tions for a total of 11 days, with no evidence of diuretic effect at any time. Two 
d.i. cats were then started on 30 mgm. daily, but there was no increase in the 
polyuria already present. Three units of aqueous pitressin injected 3 times daily 
promptly reduced the urine volume of the d.i. cats receiving DCA nearly to a 
level characteristic of a normal cat. This is about the minimal subcutaneous 
dose required to control the polyuria of a d.i. cat (10), and the reduction in urine 
volume in this instance was as complete and as prompt as we have repeatedly 
observed in d.i. cats not receiving DCA. Protocols of two typical experiments 
are given in table 1. 

From these results we must conclude that in the amounts used, at least, 
neither adrenocortical hormone nor DCA will produce a syndrome resembling 
d.i. in normal cats, nor will these substances increase either the severity of d.i. 
already present, or the dosage of pitressin required to control it. The cats 
received from 6 to 10 mgm. of DCA per kgm. of body weight daily, a dosage 
about 17 times as great on a body weight basis as the average we used on dogs. 

Effect of DCA injections on normal and on d.i. dogs. Since we were unable to 
produce the polyuric syndrome with DCA in cats, we began injections in 4 d.i. 
and 3 normal dogs. The animals weighed from 11 kgm. to 22 kgm., and were 
fed from 200 grams to 300 grams of commercial dog biscuit daily. On this diet, 
they excreted 6 to 8 grams of nitrogen and 1.3 to 2 grams of Cl as NaCl in the 
urine daily. After a control period, the animals were injected with 2.5 to 10 
mgm. of DCA daily. In confirmation of the reports of others (2-5), all the 
normal dogs developed a polvuria. These animals excreted an average of 150 cc. 
to 200 cc. of urine before the injections began; on the fourth day of injections, in 
all the normal animals the urine volume suddenly increased to about 400 ce. 
daily, and thereafter increased gradually to between | and 1.5 liters daily... None 
of our dogs or cats at any time exhibited any overt signs of the muscular weakness 
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described by others (2, 4, 5) as a result of DCA injections, although two dogs 
were continued on the 10 mgm. daily dose for three months each. 

The diuretic effect of the injections was seen more promptly in the d.i. dogs 
than in the normals. Dog 1, a d.i. animal weighing 21 kgm., averaged about 
2650 ec. of urine daily immediately before the injections, and excreted 4070 cc. 
the first day the hormone was administered. Another d.i. dog (no. 3) increased 
from an average of 2060 cc. to 2900 cc. the first day. Thereafter the increase 
was gradual, so that at the end of a week the daily volumes in the two animals 
were 5500 ec. and 3500 cec., respectively. Dog 1 had a daily urine output of 
about 7 liters after one month on the hormone, and after three months, when the 


TABLE 1 


Absence of effect of desoxrycorticosterone acetate on water exchange of cats 


CAT WITH DIABETES INSIPIDUS NORMAL CAT 
Total | Cl as Total To Cl as 
ake | ume |inurine| ume inurine) 
cc. cc. grams grams ce. ce. grams | grams 
11/5 600 490 1.61 0.905 | None 10/25 180 140 2.45 0.991 None 
6 590 470 1.50 0.712 None 26 180 140 2.33 0.764 None 
7 630 515 1.52 1.015 None 27 180 100 1.83 0.730 None 
8 580 480 1.69 0.838 | None 28 180 105 2.06 0.840 | None 
570 485 1.49 0.947 None - 
10 560 415 1.30 None 29 185 70 1.12 0.327 15 mgm. DCA : 
- 30 180 60 1.33 0.280 15 mgm. DCA 
11 640 565 1.88 0.955 30 mgm. DCA 31 180 175 3.94 1.625 15 mgm. DCA 
12 660 555 1.53 0.920 30 mgm. DCA 11/1 180 150 2.22 1.060  i5 mgm. DCA 
13 30 mgm. DCA 2 180 105 2.07 1.010 15 mgm. DCA 
14 630 490 1.53 0.871 30mgm. DCA 3 180 105 1.63 0.830 | 20 mgm. DCA 
15 615 510 1.79 0.859 30 mgm. DCA 4 180 80 1.37 0.558 20 mem. DCA 
16 625 525 1.96 0.815 | 30 mgm. DCA 5 180 135 2.11 0.944 20 mgm. DCA 
- —|—— - — — 6 180 145 2.06 0.336 30 mgm. DCA 
17 290 165 1.34 0.488 30 mgm. DCA 7 180 155 1.90 0.620 30mgm. DCA 
+ 9 units 8 195 7 1.44 0.296 30 mgm. DCA 
18 265 220 2.14 0.754 30 mgm. DCA 9 180 175 2.13 0.550 | None 
+ 9 units 10 180 70 1.34 0.495 None 
1.90 0.885 None 


pitressin 11 180 130 
19 555 410 1.38 0.433 None 
20 400 500 1.38 1.015 | None 
21 525 455 1.69 0.740 None 


| 


injections were discontinued, she was averaging nearly 9 liters daily. On the 
last day of injection, this animal excreted 9645 ec. of urine; three days later, the 
daily output had dropped to about 3 liters, or about the same level as before the 
injections began. 

Mulinos et al. (3) thought that the polydipsia appeared before the polyuria, 
but this did not seem to be the case in any of our 7 dogs. The two phenomena 
appeared to keep pace with each other, so that if one calculates the water balance 

total intake — urine volume) before and after the start of the injections, there 
appears to be no significant difference, although the day-to-day variations are so 
large that one cannot be certain on that point (table 2) 


; 
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Effect of variations in salt and nitrogen intake. In view of the well-known 
inability of the d.i. kidney to form a concentrated urine, and the consequent in 
fluence of dietary changes on the volume of the polyuria, we have fed various 
diets to dogs receiving DCA injections. Results of such experiments on one d.i 
and one normal dog are summarized in table 3. It will be seen that the degree 
of the polyuria varies somewhat with the amount of nitrogen and salt which the 
kidney is required to excrete. In this respect, the non-d.i. animal receiving DCA 
resembles the ordinary d.i. dog; the difference appears to be one of degree. The 
d.i. animal shown in this table is the same dog as shown in figure 2 of reference 13. 
A comparison of the two results shows that when the animal was on DCA, reduc- 
tion in nitrogen intake did not reduce the polyuria as markedly as a similai 


TABLE 2 


Effect of desoxycorticosterone acetate injections in dogs 


DOG WITH DIABETES INSIPIDUS NORMAL DOG 
W Cl as Clas 
‘ater Urine Total NaCl Water | Urine | Total NaCl 
Date in- vol- N_ Injections Date in- vol Injections 
take ume (inurine) ine take ume |inurine 
ce. ce. grams grams ce. a crams grams 
12/10 , 2930 | 2370 6.82 2.05 None 12/10 470 250 6.43 2.33 None 
ll 3190 2870 9.77 2.01 None 11 530 140 5.85 1.83 None 
12 | 3470 | 2710 8.25 1.86 None 12 510 190 6.68 2.03 None 
13 | 2300 2680 7.88 1.76 None 13 630 130 3.82 0.69 None 
14 | 3610 | 2520 | 7.19 1.78 None i4 730 200 9.75 1.78 None 
15 3300 2800 8.61 2.17 None 15 530 120 4.38 0.93 None 
16 4580 4070 8.12 1.10 10 mgm. DCA 16 650 140 6.17 1.20 10 mgm. DCA 
17 5630 4920 6.81 1.05 10 mgm. DCA 17 73 380 6.37 3.20 10 mgm. DCA 
18 | 4990 | 3950 6.65 0.64 10 mgm. DCA 18 850 140 4.46 0.81 10 mgm. DCA 
19 4890 | 4620 8.57 2.71 10 mgm. DCA 19 820 480 9.85 3.2 10 mgm. DCA 
20 | 5540 5000 8.75 1.54 10 mgm. DCA 20 960 400 7.97 1.52 10 mgm. DCA 
21 | 5960 5440 8.74 1.89 10 mgm. DCA 21 860 380 8.10 2.10 10 mgm. DCA 
22 7100 5500 8.38 3.18 10 mgm. DCA 22 «1060 430 8.57 2.19 10 mgm. DCA 
23, 6930 6580 8.65 1.44 10 mgm. DCA 23 880 250 6.92 1.12 10 mgm. DCA 
24 | 7910 7230 8.51 3.33 10 mgm. DCA 24 «1170 560 8.06 1.82 10 mgm. DCA 
25 | 7410 6800 8.39 2.52 10 mgm. DCA 25 1320 540 6.6 2.68 10 mgm. DCA 
26 8400 7880 8.51 1.62 10 mgm. DCA 26 10 mgm. DCA 
27 807 7810 8.23 2.55 10 mgm. DCA 27.1145 710 7.07 2.60 10 mgm. DCA 


experiment did while the animal was not receiving the injections. Indeed, as is 
shown in table 3, even a three-day fast while the animal was on DCA left her 
with a polyuria of 3 liters; the same dog when fasted before the injections began 
promptly reduced her urine output to 800 cc. So far as the feeding experiments 
go, then, DCA appears to exaggerate d.i. when it is already present, and a norma] 
animal receiving the injections acts like a dog with mild d.i. 

Effect of pitressin injections on normal and on d.i. dogs receiving DCA. Ragan 
et al. (2) reported that as much as 3 cc. daily of pitressin did not control the 
polyuria of a dog receiving 25 mgm. of DCA and 8.5 grams of NaCl daily. How- 
ever, they did not state whether or not the pitressin was given in divided doses 
(as it must be if aqueous pitressin is used), and furthermore it is well known that 
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pitressin will not control a salt diuresis, and their animals were on a high salt 
intake. On the other hand, Mulinos et al. (3) found that 11 units of pitressin in 
oil markedly reduced the polyuria of dogs receiving only 2 to 4 mgm. of DCA 
daily. We have tried two levels of pitressin in two dogs, one d.i. and one non- 
d.i., receiving the 10 mgm. dosage of DCA. Five units of pitressin tannate in oil 
was administered in two daily doses of 2.5 units each; in the non-d.i. dog, the 
urine volume was reduced from about 1200 cc. to about 900 ec., and in the d.i. 
dog from 6500 ec. to about 2800 cc. This is a much smaller effect than is ordi- 
narily seen in injecting pitressin tannate in oil during d.i., so we next tried inject- 
ing 35 units over a period of 4 days, this reduced the polyuria of both animals to 


TABLE 3 
Effect of dietary changes on the urinary excretion of dogs receiving injections of 
desoxycorticosterone acetate 


INTAKE URINARY EXCRETION 

NO. OF DIET Nitrogen Chloride as NaCl 

Water Nitrogen NaCl Volume 
as Nat Concen- Total Concen- Total 
tration tration 
d.i. dog 
cc grams grams cc. gram ram 
4 Control 7982 11.81 2.13 7233 104 7.54 31.9 2.3 
s Low-N 6171 2.95 2.03 5694 63 3.61 39.4 2.24 
9 Low-N, 4674 2.95 0.53 4169 82 3.41 16.1 0.67 
Low salt 
3 Fast 3077 0 0 3020 93 2.81 16.6 0.50 
5 High-N 8880 18.01 2.18 8307 159 «13.23 | 34.4 | 2.86 
Normal dog 
9 Control 1262 11.81 2.13 699 895 6. 26 291 2.03 
Ss Low-N 905 2.95 2.03 574 537 3.08 370 2.12 
i) Low-N, 844 2.95 0.53 $57 656 3.00 103 0.47 
Low salt 

3 Fast 640 0 0 407 492 2.00 105, 0.42 
5 High-N 715 18.01 2.18 1198 1043 12.50 ISb 2.23 


about 800 ec. In contrast to this mild effect, the same d.i. animal was again 
injected with pitressin tannate in oil 43 days after DCA was discontinued. This 
time, 5 units in a single injection rendered the animal completely anuric for two 
days, although immediately before the injection the animal was excreting an 
average of about 4 liters of urine a day. It is clear, then, that DCA greatly 
reduces the antidiuretic potency of pitressin in d.i. dogs, in marked contrast to 
the effect in d.i. cats. 

Effect of DCA on glomerular filtration and tubular reabsorption of water. It is 
generally held that the polyuria of d.i. is due to defective tubular reabsorption of 


water; in well-established d.i., glomerular filtration does not differ significantly 


POLYURIA CAUSED BY DESOXYCORTICOSTERON} 
from normal (table 4; and references 11,12 and19). In order to compare kidne) 
function in the polyuria of d.i. with that in DCA polyuria, tests were run on 4 
d.i. and 2 normal dogs, before DCA injections, and during the course of adminis 
tration. As shown in the table, all clearances obtained during the injection 
period were taken at a time when the urine flow was significantly above that seen 
before injections began. Each figure in the table is the average for 3 to 6 clear 
ance periods. 

In the dog, creatinine clearance is generally considered to be a measure of 
glomerular filtration, while the creatinine U'/P ratio (concentration of creatinine 
in the urine divided by that in the plasma) is an index of tubular reabsorption ot 


TABLE 4 


Effect of desoxycorticosterone acetate on glomerular filtration and tubular reabsorption 


WITHOUT DESOXYCORTICOSTERONE DURING INJECTION PERIOD 
DOG KIND OF — 
NUMBER ANIMAL Plasma Ave. urine | Plasma Ave. urine | nine DCA 
creatinine | flow during | | creatinine flow during 
clearance | experiment clearance experiment : 
cc./min cc./min cc./min cc. mgm 
1 aa. 51.5 2.95 17.7 63.1 3.80 16.5 10 
73.4 4.32 17.1 10 
} Normal 18.5 0.22 271 54.0 0.58 93 5 
58.3 0.34 174 19.5 0.69 77 5 
3 d.i. 15.0 0.98 36 43.5 2.95 15.0 5 
15.0 2.85 16.0 5 
5 Normal 42.2 0.17 243 61.0 0.51 121 10 
49.5 0.19 254 63.0 0.75 SY 10 
6 gi ke 57.8 2.90 21 70.8 9.03 7.8 10 
65 5.27 12.5 10 
7 d.i 418.0 3.84 12.6 56.1 5.63 10.0 2.5 
50.8 12.4 58.0 6.67 8.7 
60.4 6.27 9.9 10 
water, since — UP = per cent of filtered water reabsorbed in the tubule. 
| 


The higher the U’/P ratio, the more efficient is the tubular reabsorption of water. 
Increased urine volume might be the result of more rapid filtration without a cor- 
responding increase in the percentage of water reabsorbed, or it might be due to 
a decrease in the rate of reabsorption. The data show that DCA injections 
diminish the tubular reabsorption of water. This effect appears to be very small 
in dog 1, but is very evident in all the other animals. The effect of DCA on 
glomerular filtration appears to depend on the dosage; in every case where 10 
mgm. a day was injected, creatinine clearance was found to be significantly ele- 
vated; with the smaller doses, there was little or no effect. 
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Discussion. The hypothesis that the polyuria of d.i. is due to the diureti: 
effect of corticoadrenal hormone when it is released from the restraining influenc: 
of the antidiuretic hormone of the posterior lobe rests principally upon the follow- 
ing observations: 1. DCA injections have a diuretic effect in the intact rat; 
hypophysectomy is variously said to augment (20) or prevent (21) the effect. 
2. The transient polyuria observed in the rat after hypophysectomy does not 
appear if the adrenals are removed simultaneously with the pituitary (14). 3. 
In short courses of injections in rats, DCA and posterior lobe extracts have oppo- 
site effects on excretion of water, chloride, and sodium (9). 4. In either adre- 
nalectomized or intact opossums, cortin injections augment a water diuresis, giving 
a more dilute urine, while posterior lobe extract inhibits water diuresis, giving a 
more concentrated urine (6). 5. DCA injections in dogs lead to an augmented 
excretion of urine, with specific gravity lower than normal. 6. Some sort of 
antagonism between DCA and the antidiuretic hormone is indicated by the ob- 
servation that pitressin is less effective than usual in controlling d.i. in dogs, 
while DCA is being administered. 

On the other hand, merely demonstrating a diuretic effect of cortical extract 
or of DCA when injected under suitable conditions does not prove that the 
normal secretion of the intact adrenals is the diuretic agent in d.i. Indeed, 
there are several observations which speak definitely against such a hypothesis. 
Schweizer et al. (15) found that adrenotropic hormone in doses sufficient to main- 
tain adrenal size above normal levels failed to prevent the cessation of the tran- 
sient polyuria of hypophysectomized rats. Furthermore, neither adrenotropic 
hormone nor cortical extract would reinstitute the polyuria after it had subsided. 
Both Ragan et al. (2) and Mulinos et al. (3) reported that dogs with DCA polyuria 
stood water restriction without symptoms of dehydration. This is in marked 
contrast to the effect of water restriction in d.i. 

If the polyuria of d.i. were due to the adrenocortical secretion, one might 
expect that adrenalectomy would ‘“cure”’ the d.i., but in the cat, at least, such is 
not the case (16). Although the polyuria is diminished after adrenal removal, 
this appears to be merely a reflection of lessened water intake, for the latter 
decreases even more than the urine volume, and the specific gravity of the urine 
shows that after adrenalectomy of a d.i. cat, d.i. still exists. Furthermore, the 
maintenance of a high degree of polyuria in adrenalectomized d.i. cats during salt 
feeding offers evidence that cortin is not essential for the occurrence of d.i. in the 
cat (18). It is difficult to believe that the mechanism for the production of the 
polvuria of d.i. is different in the cat than in other species. Our failure to pro- 
duce a polyuria in normal cats with injections of relatively large doses of DCA, 
or to increase a d.i. already present, or to increase the pitressin requirement in a 
d.i. cat, does not lend support to the hypothesis under discussion. 

Ragan et al. (2) and Mulinos et al. (3) emphasized the relation between salt 
intake and the polyuria produced by DCA. The former reported that they 
were unable to produce the polyuria in rats, unless the animals were placed on a 
high salt diet; the latter found that in dogs receiving 2 to 4 mgm. of DCA daily, 
the polyuria depended largely upon the salt present in the diet. Although it is 
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true that in ordinary d.i., large amounts of salt will increase the polyuria, it has 
been shown (13, 17) that in d.i. a good polyuria with low specific gravity can 
exist on a low salt intake, or even a practically salt-free diet. 

The polyuria produced by DCA injections is of a relatively low order of mag 
nitude, even in dogs, and never approaches the level seen in a good d.i. prepara 
tion, even though the hormone is administered in amounts undoubtedly far above 
physiological levels. Our finding that DCA injections retard tubular reabsorp 
tion of water in dogs does not prove that the adrenal cortex is responsible for the 
similar phenomenon seen in d.i. We may merely have succeeded in demonstrat 
ing an interesting pharmacodynamic effect of the hormone when it is present in 
abnormally high concentrations. We must conclude that although the hypothe 
sis of the participation of the adrenal cortex in the establishment of the polyuria 
of d.i. has many attractive features, we must regard it as being far from proven. 


SUMMARY 


In the dog, injection of 2.5 mgm. to 10 mgm. daily of desoxyeorticosterone 
acetate markedly increases the severity of diabetes insipidus when it is present. 
Normal dogs receiving such injections develop a syndrome which resembles a very 
mild diabetes insipidus. Pitressin only partially controls desoxycorticosterone 
polyuria, even if given in dosage several times that required to render a dog with 
diabetes insipidus non-polyuric. During administration of desoxycorticosterone 
acetate, reduction of protein intake while the salt intake is kept constant reduces 
the polyuria, but the change in urine volume is less marked than when a similar 
experiment is performed on an ordinary d.i. dog. Increase in nitrogen intake is 
markedly effective in increasing the polyuria. Creatinine clearance studies show 
that, both in normal and in d.i. dogs, desoxycorticosterone acetate reduces 
tubular reabsorption of water. Dosages as large as 10 mgm. daily also increase 
glomerular filtration, but smaller doses have little or no effect. In contrast to 
the results in dogs, injections of desoxycorticosterone acetate in dosages up to 30 
mgm. daily fail to increase the daily water exchange of normal cats. In cats 
with experimental diabetes insipidus, similar injections increase neither the 
severity of the d.i., nor the dosage of pitressin required to relieve it. The rela 
tion of these findings to the hypothesis that the adrenocortical hormone and the : 
posterior lobe antidiuretic hormone are physiological antagonists, is discussed. 
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The purpose of these experiments was twofold, namely, to study the effect 
of potassium arsenite on the respiration and glycolysis of normal and leukemic 
tissues and to attempt to devise a method for increasing the effectiveness of 
this compound in the treatment of leukemia. The second endeavor has not 
been successiul, but the results are of interest in that they throw light upon the 
in vitro effects of menadione. 

The use of potassium arsenite (Fowler’s solution) in the treatment of leukemia 
has been developed particularly by Forkner and his associates (1) and is reviewed 
in his monograph (2). The drug is useful particularly in cases of chronic mye- 
logenous leukemia, frequently inducing a marked reduction in the leucocyte 
count and in the leucocytic infiltration of tissues and improving the general 
clinical condition of the patients. These effects are of interest in that they 
represent one of the few instances in which chemotherapy is of any value in the 
treatment of a malignant disease. The mechanisms by which the drug produces 
these effects are not well understood, although arsenite has long been known to 
inhibit the respiration of a variety of tissues. Also, the extensive studies of 
Krebs, Szent-Gyorgyi and their associates (3, 4, 5) have shown that arsenite 
inhibits keto acid oxidation in kidney, liver, and pigeon breast muscle. Its 
action on leucocytes and myeloid bone marrow cells, however, and its effect on 
glycolysis, except for the limited work of Dresel (6), have apparently not been 
investigated. The following experiments elucidate some of these points. 

I. Effects of Potassium Arsenite on the Respiration and Glycolysis of Normal 
and Leukemic Tissues. A. Effect on respiration. In these experiments, the 
respiration of tissue slices or blood cells was measured in the Warburg apparatus, 
at 38°C., with and without the addition of potassium arsenite. Sodium arsenite 
had the same effects. The medium was neutralized serum (7) 7.¢., serum to 
which sufficient HC] had been added to maintain the pH at 7.4 in the absence 
of CO, in the gas phase. The duration of the experiments was usually three 
hours. With most tissues, the depressant effect of arsenite on respiration is 
progressive during approximately the first hour, after which the respiration is 
maintained at a nearly constant, though reduced, rate. This latter period has 
been used in comparing the rate of respiration of the arsenite-poisoned and 
normal tissues. 


1 A preliminary report of these experiments has appeared in Fed. Proc. 2: 53, 1943 
2 This work was aided by a grant from the John and Mary R. Markle Foundation 
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The results are shown in table 1, from which it may be seen that the inhibition 
of respiration in the leukemic cells is of the same order of magnitude as in the 
normal tissues studied, a selective action of arsenite on leukemic cells not being 
demonstrable by these methods. The possibility remains that leukemic bone 
marrow may be more sensitive to the action of arsenite than leukemic circulating 
leucocytes or tumors; this has not been investigated because of the difficulty of 
obtaining sufficient quantities of leukemic marrow (without gross contamination 
with blood) for studies by these methods. Also, arsenite may accumulate 
in vivo in the marrow, although the experiments of Hunter, Kip and Irvine (8) 
do not suggest this. The clinical effectiveness of arsenite in the treatment of 
leukemia consequently remains obscure. But the experiments do show that 
arsenite is a general protoplasmic poison, and any method of inducing a more 


TABLE 1 
The effect of graded concentrations of potassium arsenite on the respiration of various tissues 


% DECREASE IN Qc, AT KA,O2 CONC. OF: 


TISSUE 
1X 10-3 2X 10-4 1X 10-4 1 X 1075 
Rabbit bone marrow SPA oes 72 (12)*| 56 (8) 41 (5) 11 (2) 
Human rib marrow 
Normal human leucocytes ; 32 (1) 12 (1) 
tabbit exudate leucocytes 71.42 38 (1) 30 (1) 
Rabbit kidney ax. (3) 30 (1) 25 (1) 
Rabbit liver 36 (2) 
Rabbit brain 51 (1) 
Rat testis 49 (2 19 (1 
Human lymphogenous leukemia (blood) 62 (2) $4 (2) 22 (5) 
Human myelogenous leukemia (blood) 62 (7) 19 (2) 33 (5) 
Mouse lymphogenous leukemia (tumor).. 72 (3) 


Mouse myelogenous leukemia (tumor).. 55 (2) 


* The figures in parentheses represent the number of experiments performed. All 
measurements were made in duplicate. 


specific action on leukemic cells would be weleome. An attempt to accomplish 
this is described in section II, below. 

B. Effect on glycolysis. Concomitant with the decrease in respiration induced 
by arsenite, an increase in aerobic acid production occurs in bone marrow and 
normal and leukemic leucocytes. A representative manometric experiment 
demonstrating this manifestation of the Pasteur effect® is depicted in figure 1. 
Lactic acid analyses made by the method of Barker and Summerson (10) dis- 
close that the acid liberated is lactic acid. Keto-acid analyses made by the 
method of Penrose and Quastel (11) failed to show keto-acid accumulation in 
these tissues in contrast to that in kidney, liver, and pigeon breast muscle 
referred to above (3, 4,5). In this respect, arsenite has a qualitatively different 
tvpe of action on myeloid tissue than on the other tissues cited, but whether this 


} * The Pasteur effect in bone marrow is characterized by an increase in glycolysis which is 


reciprocally related to the decrease in respiration occurring at lowered oxygen tensions (9). 
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is the basis for its selective action on myeloid tissue in vivo may be questioned. 
[In concentrations which produce the marked effects on respiration and aerobi 
glycolysis depicted in figure 1, we find that arsenite inhibits marrow anaerobic 
glycolysis some 10-20 per cent; the enhancement of aerobic glycolysis is conse- 
quently the result of the impaired respiration rather than a direct effect on 
glycolytic mechanisms per se. 

II. Action on Menadione in Counteracting the Metabolic Effects of Arsenite. 
Before studying the effects of menadione, the action of glutathione was investi- 
gated, because the well-known experiments of Voegtlin and his collaborators (12 
suggested that this compound might be useful in protecting normal tissues from 
the action of arsenite. But our experiments revealed that marrow in its optimal 
medium (serum) is unable to keep glutathione in the reduced state necessary to 
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Fig. 1. Effects of arsenite on rabbit bone marrow respiration and glycolysis 
Fig. 2. Action of menadione in counteracting the effect of arsenite on rabbit bone marrow 
respiration. Concentrations are 2X10~* M. arsenite and 2.8X10~4 M. menadione 


obtain protection. In fact, even in Ringer solution, in which glutathione 
remains in the sulfhydryl form, no protection against the arsenite effects is 
obtained with ratios of glutathione:arsenite concentrations as high as 50:1. 

The possibility that menadione (2-methyl-1, + naphthoquinone) might be of 
some value in counteracting the effects of arsenite was suggested by the report 
of Fosdick, Fancher and Calandra (13) that menadione inhibits aerobic glycolysis 
of bacteria in the saliva. Summerson (14) observed a similar, though less 
marked, effect on the aerobic glycolysis of exudate leucocytes, in which it also 
induces a transient increase in oxygen consumption. On both respiration and 
aerobic glycolysis, therefore, its action is the reverse of that of arsenite. Fur- 
thermore, both compounds are known to react with sulfhydryl groups (12, 14, 
15). On the basis of these facts, studies were made of the ability of menadione 
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to counteract the effects of arsenite on marrow respiration and glycolysis 
Figure 2 shows the results of a typical experiment in which rabbit bone marroy 

respiration was measured with and without addition of arsenite, and menadion« 
was added to one of the samples of tissue after it had been poisoned with arsenit: 
for one hour. For the next 45 minutes, the rate of respiration was restored to 
virtually normal, but decreased to an intermediate rate during the next hour. 
The increased oxygen consumption of normal tissue treated with menadione is 
also shown. Description of numerous experiments demonstrating these effects 
does not appear warranted in view of the findings to be reported below, but the 
same type of result was also obtained with human rib marrow and with exudate 
leucocytes. Also, in these tissues, the increase in aerobic glycolysis induced by 
arsenite is reversed by menadione. The R. Q. of marrow treated with mena- 
dione, with or without added arsenite, is the same as that of normal marrow, 
about 0.96 (16), suggesting that the increased oxygen consumption induced by 
menadione is a true respiration.‘ 

In the hope that menadione would counteract the effects of arsenite on normal 
but not leukemic cells, this point was investigated using both mouse and human 
leukemic material. The respiration of 3 myeloid and 3 lymphoid mouse leu- 
kemic tumors, kindly supplied by Doctor Furth, was studied with the addition 
of arsenite and arsenite plus menadione. Only slight reversals (0-30 per cent) 
of the arsenite depression of respiration were obtained, as compared with an 
85 per cent reversal in the case of normal rabbit bone marrow under similar 
conditions. With suspensions of leukemic leucocytes from 2 cases of human 
myelogenous leukemia, the reversal of the arsenite depression of respiration 
averaged 61 per cent. 

On the basis of these somewhat encouraging results with the mouse leukemias, 
Dr. Jacob Furth and Dr. Curtis Flory, of the Department of Pathology, investi- 
gated the feasibility of using arsenite plus menadione in the treatment of leu- 
kemia in mice. The results of preliminary observations were not encouraging 
and it was noted that the minimum lethal dose of arsenite was not appreciably 
elevated by simultaneous administration of menadione. This suggested that 
the effects of arsenite on tissues other than mveloid tissue might not be counter- 
acted by menadione. Accordingly, tissue respiration experiments were per- 
formed with liver and kidney cortex slices and it was found that menadione was 
completely unable to overcome the depressant effects of arsenite on these organs. 
In these tissues, as mentioned above, arsenite has a different effect than on 
myeloid tissue in that keto-acids rather than lactic acid accumulate as the 
result of the poisoning. It may also be noteworthy that these tissues, unlike 
myeloid cells, do not normally exhibit aerobic glycolysis. 

Finally, to determine whether menadione truly protects marrow cells from 

‘It should be noted in passing that the concentrations of menadione used in this study 
are so much greater than those needed to obtain anti-hemorrhagic effects in vitamin IK 


deficiency that no inferences may be drawn from the present experiments with reference to 
its action as a vitamin K substitute. 
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the action of arsenite, we have used the supravital staining technique to make 


direct observations of normal bone marrow cells poisoned with arsenite 7 vitro. 
The leucocytes and metamyelocytes normally exhibit active amoeboid move- 
ment, and in most myelocytes, the granules are in rapid movement, sometimes 
associated with streaming movements of the cytoplasm. All these types ot 
cellular activity are progressively depressed by arsenite in the concentrations 
necessary to depress respiration. Lower concentrations are without effect on 
motility. 

Menadione was found to be completely ineffective either in preventing o1 
in restoring this damage to cellular and intracellular motility. In fact, if the 
greatly impaired motility is regarded as manifesting a toxic effect on the cells 
as seems probable), menadione itself is toxic in the concentrations necessary 
to maintain respiration, for it impairs motility to fully the same extent as arsenite. 
These observations do not necessarily preclude the possibility of very small 
doses of menadione and arsenite being of some value therapeutically in leukemia, 
but do serve to make the outlook less promising than would otherwise be inferred 
from the respiration studies. Glutathione was also found to be ineffective in 
preventing or counteracting the arsenite effects on motility. 

III. Mechanism of the Menadione Effects. This subject has not been investi- 
gated fully, but three factors are probably involved. One is the oxidation- 
reduction potential of the compound. Dr. Otto H. Miiller of the Department 
of Anatomy was kind enough to investigate this point by measuring the oxida- 
tion-reduction potential of menadione by the polarographic method (17). He 
found the value of E;, at pH 7.4 to be +0.035 v. and noted that this potential 
was intermediate between that of methylene blue, +0.01, and the related com- 
pound thionine, +0.05 (18). Subsequently, both these dyes, particularly the 
latter, were also found to counteract the effects of arsenite on marrow respiration 
and glycolysis. Like menadione, neither protected the motility of myeloid 
cells from the action of arsenite although thionine did not of itself impair motility. 
Methylene blue was quite toxic to motility. The parallelism between the actions 
of menadione and methylene blue was further strengthened by demonstrating 
that menadione, like methylene blue (19), markedly increases the respiration 
of mammalian erythrocytes. Consequently, in studying its effects on leukemic 
blood cells, the erythrocytes were first removed by differential sedimentation. 

A second factor is the possibility of menadione enhancing the oxidation of 
lactate. de Meio, Kissin and Barron (20) point out that methylene blue par- 
ticularly increases the respiration of those tissues which exhibit aerobic lactic 
acid formation and present evidence that lactate is the substrate for the methyl- 
ene blue effect. Menadione, as mentioned above, counteracts the effects of 
arsenite on myeloid tissues, in which lactic acid accumulates, but does not do so 
with liver and kidney cortex, in which there is no accumulation of lactic acid. 
These facts, plus the similarity of the oxidation-reduction potentials of mena- 
dione and methylene blue, suggest that lactate may be oxidized by menadione. 
This would also account, either wholly or in part, for the effect of menadione in 
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decreasing the aerobic glycolysis of marrow (present paper), exudate leucocytes 
(14) and certain bacteria (13). 

A third factor affecting the action of menadione may be its ability to react 
with sulfhydryl groups (12, 15). Phthiocol, 2-methy]-3-hydroxy-1, 4 naphtho- 
quinone, is similar in structure to menadione except for the additional hydroxy 
group in the 3-position which blocks the reaction of the compound with sult- 
hydryl groups (15). Phthiocol was found to be completely without effect in 
counteracting the action of arsenite on marrow. However, the oxidation- 
reduction potential of this compound at pH 7.4 is —0.200 (21), i.e., so much 
lower than that of menadione, methylene blue and thionine that it is not possible 
to conclude whether the failure of phthiocol to counteract the action of arsenite 
is due to its inability to react with sulphydry] groups, its low oxidation-reduction 
potential or to both properties, which may themselves be related. 


SUMMARY AND CONCLUSIONS 


1. Potassium (or sodium) arsenite depresses to much the sane extent the 
respiration of normal rabbit bone marrow, normal human bone marrow and 
human leukemic leucocytes. This is accompanied by an accumulation of lactic 
acid in these tissues in contrast to the keto-acid accumulation in liver, kidney 
and pigeon breast muscle demonstrated by other authors. 

2. -Menadione increases marrow respiration, decreases aerobic glycolysis and 
under selected conditions counteracts the effects of arsenite on these metabolic 
entities. 

3. Nevertheless menadione is unable to restore the amoeboid and granular 
movement of myeloid cells poisoned with arsenite, and of itself impairs these 
forms of motility. 

4. The mechanism of the action of menadione is discussed in relation to its 
oxidation-reduction potential, its ability to react with sulfhydryl groups and 
the possibility of its inducing the oxidation of lactate. In several respects, its 
action in vitro is similar to that of methylene blue. 

5. Glutathione is ineffective in preventing or counteracting the effects of 
arsenite on the respiration and motility of marrow cells. 
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AUGMENTATION OF BLOOD FLOW IN THE CORONARY ARTERIES 
WITH ELEVATION OF RIGHT VENTRICULAR PRESSURE! * 
D. E. GREGG, W. H. PRITCHARD, R. E. SHIPLEY anp J. T. WEARN 
From the Department of Medicine, Western Reserve University, Cleveland, Ohio 
teceived for publication May 24, 1943 


The ability of the heart to maintain its normal metabolism and work output 
must depend upon the capacity of the coronary vessels to supply oxygenated 
blood to the myocardium. Similarly, the ability of the heart to increase its 
metabolism in the presence of an augmented load would appear to reside in the 
capacity of the coronary vessels to maintain or even increase the supply of blood 
to the heart muscle. However, investigations in the past have failed to offer 
any support for this reasonable expectation. Anrep and associates (1) and 
Katz, Jochim and Weinstein (2), using heart-lung and isolated heart prepara- 
tions in which the coronary arteries were perfused under constant pressure, found 
that increasing the load of either ventricle by elevation of intraventricular 
pressure caused a decreased flow in its corresponding coronary artery. Visscher 
and associates, using a special heart-lung preparation, have presented evidence 
that elevation of pulmonary artery pressure to the extent that the aortic-pul- 
monary artery pressure difference is less than 60 mm. Hg (3) or less than 40 mm. 
Hg (4), causes a diminution in extra-coronary sinus drainage into the chambers 
of the right heart and therefore presumably a diminution in coronary inflow, 
particularly that of the right coronary artery. Finally, Gregg (5) has reported 
that the differential pressure for right coronary inflow is decreased (indicating 
greater peripheral coronary pressure and presumably a smaller rate of flow 
throughout the cardiac cycle when the pulmonary artery is partially occluded 
in the open chest anesthetized dog. 

Even though it would appear that the heart progressively deprives itself of 
its own blood supply as the load upon it increases, the situation must neverthe- 
less be regarded as one of poor economy. It would be more reasonable to 
anticipate that, unless the load were excessively great, an organ as vital as the 
heart would have at its command compensatory means by which its blood 
supply could be, at least in part, adjusted to its metabolic requirements. 

With the introduction of the rotameter into physiological experimentation (6 
a method was made available by which blood flow measurements could be made 
with comparative ease in many different vessels of the anesthetized dog without 
the necessity of seriously disturbing the ‘intact’ state of the experimental 
animal. Most of the previous investigations have involved a rather extensive 
artificial substitution for, or supplementation to, the normal cardiovascular 


1 The expenses of this investigation were defrayed to a large extent by a grant from the 
Commonwealth Fund 

* Preliminary reports of part of this work were presented before the American Physiolog- 
ical Society at the Boston Meeting, April, 1942, and before the Cleveland Section of the 
Society for Experimental Biology and Medicine, November, 1942. 
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dynamie circuit. The present study is an attempt to reveal the relationship 


of coronary flow to changes in load put upon the heart in a preparation which 
retains a closer approximation to the normal anesthetized dog. 

PROCEDURE AND METHODS. The present investigation is restmicted to the 
study of changes in right and left coronary inflow in the presence of an elevated 
right ventricular pressure. Following pre-operative morphine administration 
dogs were anesthetized with sodium pentobarbital. Artificial respiration was 
instituted, portions of the 3rd, 4th and 5th left ribs were resected, and the 
pulmonary and right coronary arteries exposed. Following the injection ot 
anticoagulants (a combination of heparin, 100 U/kilo, and pontamine fast pink, 
150 mgm./kilo) a trocar was inserted into the right common carotid artery to 
the level of the aortic valves and through this blood was led to a rotameter ot 
appropriate design (6). For determination of changes in right coronary inflow 
the blood from the rotameter was led through rubber or lead tubing to the 
cannulated peripheral end of the right coronary artery, the central end having 
been tied about 6-8 mm. from its origin in the aorta. ‘The height of the rotame- 
ter float was visually noted, and the mean rate of flow into the artery determined 
from the proper calibration curve. For determination of changes in left coro- 
nary inflow the procedure was essentially the same except that either the ramus 
descendens or left coronary artery was cannulated. In the latter instance the 
left coronary artery was isolated adjacent to the aorta and cannulated via a 
special cannula inserted into an artificial opening made in the brachio-cephalic 
artery. Aortic and right ventricular pressures were recorded with Gregg optical 
manometers (7, 8, 9). Right ventricular pressure (RVP) was elevated by an 
adjustable ‘‘snare’’ loop of cord which encircled the pulmonary artery just distal 
to the conus. Aortic pressure could be altered as desired by an adjustable 
aortic clamp applied a few centimeters above the diaphragm. In some instances 
the chest plate was removed. The trend of the results obtained following this 
more extensive exposure did not differ detectably from that obtained following 
only partial resection of the chest wall and will not be considered separately. 

Resutts. Right coronary inflow versus augmentation of right ventricular pres- 
sure. The change in right coronary inflow, in the presence of an elevated right 
ventricular pressure, was determined under three different circulatory condi- 
tions: 1, the pulmonary artery was gradually compressed and no effort was 
made to compensate any accompanying fall of aortic pressure; 2, right ventricu- 
lar pressure was gradually elevated but the aortic pressure was restored to its 
control level by partial occlusion of the lower thoracic aorta; 3, a pre-determined 
and considerable amount of pulmonary constriction was abruptly applied and 
the fall in aortic pressure immediately compensated. 

Representative data compiled from different experiments are presented in 
figure 1. A common ordinate scale denotes systolic and diastolic aortic (coro- 
nary perfusing) pressure, svstolic and diastolic RVP, and mean rate of right 
coronary inflow, while the time and duration of pulmonary constriction and release 
are indicated on the abscissa. 

Figure 1, part A, illustrates condition 1 above. Within 0.2 minute after 
pulmonary constriction was begun, right coronary inflow increased slightly from 
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13 to 15 ec./min. as systolic RVP rose from 30 mm. to 40 mm. Hg. Further 
elevation of RVP to 50 mm. Hg increased the inflow to 17.5 ec./min. while 
aortic pressure dropped slightly (118/81 mm. Hg). Finally the RVP was in 
creased to 75/3 mm. Hg at which point aortic pressure fell to 100/66 mm. Hg 


Despite the fall in coronary perfusing pressure, right coronary inflow continued 
to rise to 20 ce./min. 

Part B, figure 1, illustrates condition 2 above in which, after a gradual and 
moderate elevation of RVP had progressed to the point at which aortic pressure 
became reduced (but right coronary inflow was still increased), the aortic pres- 
sure was compensated to its control level by the thoracic aortic clamp. ‘This 
was accompanied by a further rise in RVP and an additional increase in right 
coronary inflow. 

Part J, figure 1, illustrating condition 3 also shows a large increase in right 
coronary inflow. 

The essential findings may be summarized as follows: 1, right coronary inflow 
begins to increase almost immediately with mild augmentation of RVP and 
increases progressively as systolic RVP rises to quite high levels (60-80 mm. Hg); 
2, the increase in coronary inflow persists as long as RVP remains elevated, at 
least up to 25 minutes. (No continuous observations were made for periods 
longer than 25 min.); 3, the increase in right coronary inflow may occur in spite 
of an uncompensated reduction in aortic blood pressure*; 4, following release 
of the pulmonary constriction and return of RVP to the control values the 
right coronary inflow may return to the control level rather promptly, gradually, 
or may undergo a further but temporary increase before gradually subsiding; 
5, in all dogs (31 in number) in which the aortic pressure was maintained at or 
slightly less than the control level, right coronary inflow increased from 25-200 
per cent with pulmonary constriction, the usual increment being about 50-75 
per cent of the control value. 

Left coronary inflow versus elevation of right ventricular pressure. The ana- 
tomical studies of Moore (10) have indicated that in the dog’s heart the ramus 
descendens of the left coronary artery contributes to the blood supply of the 
right ventricular myocardium, near its apex, along the intraventricular sulcus, 
and in the region of the pulmonary conus. Physiologically, it has been demon- 
strated that a portion of the left coronary inflow normally drains through the 
anterior cardiac veins over the surface of the right heart (11). Elevation of 
RVP might therefore be expected to increase the inflow to those portions of the 
right myocardium supplied by the left coronary artery. Accordingly, the inflow 
in the ramus descendens branch or in the left coronary artery was determined 
before and during pulmonary artery constriction. In all of five determinations 
moderate flow increases ranging from 19 to 29 per cent were observed. (For 
examples, c.f. fig. 1, parts LZ, 17). Expressed in absolute amounts the flow 
increments compare in magnitude with those found in right coronary inflow. 

3’ Obviously, if pulmonary constriction is so severe that aortic pressure falls to a low 
level, the coronary perfusing pressure head will be depressed by such an amount as to cause 
a decrease in the coronary inflow. 
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Discussion. In the anesthetized open chest dog, elevation of RVP (10 
400 per cent) causes a significant increase in blood flow through the right coronary 
artery and a smaller increase in left coronary inflow. These findings are dia- 
metrically opposed to those reported by Gregg (5), using the intact dog,’ and 
by Katz (2) and Visscher (3, 4), using the isolated heart, heart-lung preparation 
or its modification. However, although no attempt has been made in this 
laboratory to evaluate the adequacy of these latter preparations, it is suggested 
that the difference between the findings presented here and those of previous 
workers could well be attributed to the relative viability and physiological 
normaley of the respective preparations. In the experiments presented here 
the animal’s cardiovascular system was left intact except for the insertion of a 
rotameter between the common carotid or brachiocephalic artery and the 
coronary artery under study. The animal’s own flow and pressure regulating 
mechanisms were undisturbed except in those instances when partial occlusion 
of the lower thoracic aorta was desired for the regulation of coronary perfusing 
pressure. Further, the elapsed time between anesthetization of the dog and 
the procurement of experimental data could be held in most experiments to a 
period not exceeding one hour. 

Under these conditions the right heart of the anesthetized dog responds to an 
augmented load with an increase in the rate of coronary inflow. However, it 
should not be concluded that the increase in flow necessarily compensates fully 
for the increased metabolic requirements of the heart. If and when the right 
heart ultimately fails as the result of the increased load it will have failed in 
spite of an early augmentation in coronary inflow and not because the coronary 
inflow was initially reduced. 

The cause for the observed increase in right coronary inflow and its ultimate 
destination in the venous channels draining the heart are being investigated. 


SUMMARY 


The effect of pulmonary artery constriction upon coronary inflow has been 
studied in the anesthetized open chest dog. Progressive elevation of right 
ventricular pressure by this means (to 80 mm. Hg systolic) is accompanied by 
a progressive and considerable augmentation in right coronary inflow (25- 
200 per cent) and a smaller but definite increase in left coronary inflow (19 to 
29 per cent) when aortic perfusing pressure remains or is kept at the control 
value. Right coronary inflow may also increase in spite of a moderate, uncom- 
pensated reduction in coronary perfusing pressure (aortic pressure). 

These findings, obtained in the anesthetized, open chest dog, are diametrically 
opposed to those reported by other investigators using different methods and 


preparations. 


‘The utilization of peripheral coronary pressure measurement is not now regarded by 
e present authors as a valid method for the determination of coronary flow. This view- 


nt will be elaborated in a subsequent communication 
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THE ANTERIOR CARDIAC VEINS. THEIR FUNCTIONAL 
IMPORTANCE IN THE VENOUS DRAINAGE OF THE 
RIGHT HEART! 


D. E. GREGG, R. E. SHIPLEY anno T. G. BIDDER 


From the Department of Medicine, Western Reserve University, Cleveland, Ohio 
teceived for publication May 24, 1943 


Anatomical studies of the coronary vascular system (1) have demonstrated 
the presence of two separate pathways for venous drainage of the myocardium: 
1, the superficial or subepicardial venous system which empties into the right 
atrium and consists of the anterior cardiac veins and the coronary sinus together 
with its contributing veins; 2, the deeper system of veins which communicates 
directly with the chambers of the heart. The functional significance of some 
of these pathways has been the subject for extensive physiological study by 
many investigators. The early work of Morawitz and Zahn (2) led to the belief 
that essentially all coronary blood was drained by way of the coronary sinus. 
The importance of the Thebesian or deep drainage channels was suggested by 
the work of Evans and Starling (3), and Markwalder and Starling (4), who 
showed that a very considerable portion of coronary blood drains other than 
through the coronary sinus. Subsequent investigators have offered abundant 
confirmation of the latter finding and have further indicated that the left ven- 
tricular myocardium is drained largely by way of the coronary sinus, and the 
right heart almost entirely by the Thebesian vessels (5, 6, 7, 8). 

While these and other investigators have studied the flow from both the super- 
ficial and deep venous pathways, no consideration has been given to the possible 
role played by the anterior cardiac veins (anatomically the lesser part of the 
superficial cardiac venous system). The anterior cardiac veins (AC veins) are 
several good sized venous trunks which lie buried in the subepicardial fat occupy- 
ing the sulcus between the right atrium and the right ventricle. Each is formed 
by the confluence of many smaller veins which course over the surface of the 
right ventricle and empty into the right atrium about 4 to 8 mm. superior to 
the ventricular edge of the tricuspid valve. Since they appeared large enough to 
carry a considerable volume of blood, experiments were designed to determine 
their functional importance as a discrete and separate exit channel for coronary 
blood and to estimate the contribution which the right and left coronary arteries 
make to the AC venous flow. 

Meruops. Each experiment was performed on a dog to which sodium pento- 
barbital (20 mgm./kilo) was administered intravenously. (Morphine was given 
subeutaneously about 30 min. preoperatively.) After artificial respiration was 
instituted the chest plate was removed. Dissection in the subepicardial fat 
occupying the sulcus between the right atrium and right ventricle was carried 

1 The expenses of this investigation were defrayed by a grant from the Commonwealth 
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out starting from the root of the pulmonary artery and proceeding to the point 


of entrance of the coronary sinus so that each AC vein was isolated and traced 
to its point of entry into the right atrium. After the intravenous injection ot 
anticoagulants (heparin--l00 units per kilo and pontamine fast) pink — 150 
mgm./kilo) small glass cannulae were inserted into the right atrium through 
small puncture holes made 1-2 superior to the point of entry of the 


respective AC veins, and then each was inserted into the orifice of a vein 


Fig. 1 Photograph of dog’s heart showing distribution of anterior cardiae veins over 


the surface of the right ventricle. 


and tied in place. In each dog several of the AC veins were quite small and 
their cannulation was not attempted. Occasionally two or three large branches 
of an AC :vein emptied through a common atrial opening, in which case 
cannulation of each separate branch was made through the common opening 
when feasible. In several dogs, of the four or five major anterior veins present, 
only one, two, or three were cannulated, the remaining veins being left un 
disturbed. 
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For the measurement of AC vein flow one of two methods was employed: 
1. Blood was led from each cannula through a rubber tube to a common conduit 
attached to a rotameter (9) from which it returned to the right auricle by wavy 
of a cannula tied into the right auricular appendage. 2. AC vein flow from 


the common conduit was measured in a graduate after passing through a rubber 
tube, the opening of which was held at a level 1-2 em. above the level of the 
maximum pressure in the right atrium (as determined by the height of the blood 
in a vertical glass tube inserted into the right auricular appendage). 

lor the measurement of right coronary inflow a cannula of a length sufficient 
to reach to within 1-2 em. of the aortic valves was inserted into the left common 
carotid artery. From the cannula blood was led through a rotameter_to the 
peripheral end of the right coronary artery (which had been severed about 6-8 
mm. from its aortic orifice and its central-end tied). In many experiments a 
loose ligature was placed around the left coronary artery at its aortic origin 
for temporary occlusion of the artery when desired. Mean blood pressure was 
determined by means of a mercury manometer connected to the carotid cannula. 

To determine the source of the blood flowing from the AC veins right coronary 
inflow and AC vein outflow were measured simultaneously and changes in the 
latter observed during a brief period when either the left coronary, the right 

coronary, or both right and left coronary arteries were clamped. 

Sketches and/or photographs were made of all hearts showing the number 
and placement of the AC veins. In some hearts the major AC veins which 
had been cannulated were injected with a barium sulphate-gelatin mixture and 
roentgenograms taken. 

tesuLtTs. Distribution of anterior cardiac veins. Figure 1 is a photograph 
showing the widespread, superficial distribution of the AC veins over the ante- 
rior surface of the undisturbed heart. Figure 2A is a roentgenogram illustrating 
the extensive distribution of the branches of the four major AC veins cannulated 
in another heart. The heart illustrated in figure 2B had three major AC veins 
of which one (with three branches) has been injected.) As observed in this 
and most other hearts the contrast medium was seen to pass through anastomotic 
channels to branches of the great cardiac vein. Several communicating veins 
are shown in figure 1 and figure 2B. Figure 2C is a photograph of the interior 
of the right atrium of another heart showing four major AC vein openings in 
which plugs of injection material remained after removal of the cannulae. 

Qf 18 hearts studied, three possessed two major AC veins, eight had three, 
five had four, and two had five veins. In each heart one AC vein was found 
which, in addition to draining a portion of the base of the right ventricle, also 
received sizable branches from the pulmonary conus and adjacent fat tissue 
ef. figs. 2A and 2(). In all hearts a variable number of small AC veins were 
present which were not cannulated. 

Volume of anterior cardiac vein flow. In table 1A are shown typical values 


for AC vein flow in dogs of different weights and with different aortie blood 


2 The cannulae have been removed from the common opening through which the individ 


ual branches were injected. 
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pressures, In some experiments all of the major AC veins were cannulated; 
in others the flow in only a part of the total number of larger veins was detet 


4 


7 
Fig. 2A Upper left) Roentgenogram of heart in which the four major anterior cardia 
veins have been cannulated and injected with contrast medium. Anterior view 
Fig. 2B Upper right) Roentgenogram of heart in which three branches of one anterior 


cardiac vein have been injected. Anterior view. See discussion in text 

Fig 2C Lower Photograph of interior of right atrium showing the position of foul 
major anterior cardiac vein openings with plugs of injection material remaining after 
removal of cannulae. The arrow points to the opening of the vein which drains the pul 
monary conus region (see text 


mined. In no instance were attempts made to cannulate the small veins. In 
those experiments in which all of the major AC veins were cannulated, the flow 


j 
aS 
— 
7 
a ae & | 


736 D. E. GREGG, R. E. SHIPLEY AND T. G. BIDDER 


values range from 8.5 to 26.5 ce. per minute. The flow from the AC veins 
may be augmented by clamping the thoracic aorta or the injection of epinephrine 
The effects of the latter two procedures are illustrated in table 1, part B. 

Source of anterior cardiac vein flow. To establish the source from which the 
AC vein flow arises, the right and left coronary arteries were both occluded 
for 25-30 seconds. The blood pressure fell not more than 5-10 mm. Hg during 


TABLE 1 
FLOW 
DOW MEAN R RATIO 
WEIGHT BP Anterior a AC FLOW 
cardiac REMARKS 
veins RT. COR 
artery FLOW (4 
1 2 3 4 
Part A--Normals 
mm. cc./min. cc./min 
21.3 Q5: | 42:0 | 12:0 100 Flow measured in all 3 major AC veins 
24.0 90 | 19.0 | 21.5 SS Flow measured in all 3 major AC veins 
24.0 120 | 26.5 | 37.0 72 Flow measured in all 3 major AC veins 
19.3 94 16.5 | 15.0 110 Flow measured in both major AC veins 
18.2 82 | 13.5 | 26.0 52 Flow measured in 2 of 4 major AC veins 
21.5 70 | 12.0 | 12.0 100 Flow measured in 3 of 5 major AC veins 
Part B- Variables 
18.3 60 6.0 25.0 104 Control —Flow measured in all 5 major AC veins 
86 | 34.0 | 30.0 113 Constriction of aorta 
16.5 70 5.0 6.8 74 Control—Flow measured in 1 of 2 major AC veins 
125 10.8 | 11.0 QS Constriction of aorta 
19.3 70 | 12.0) 12.0 100 Control—Flow measured in both major AC veins 
105 | 30.0 | 25.5 11S Epinephrine by jugular vein 
16.5 70 5.0 7.0 71 Control— Flow measured in | of 2 major AC veins 
125 | 21.0 | 18.0 117 Epinephrine by jugular vein 
125 | 35.0 | 33.0 106 Epinephrine by jugular vein 
31.3 120 6.0 8.0 75 Control— Flow measured in all 3 major AC veins 
110 | 13.0 | 20.0 65 Nitroglycerine by jugular vein 


this period. In one experiment the flow from the AC veins was reduced almost 
to zero. In other experiments a residual flow remained (0.5-1.0 ce.) equal to 
5-10 per cent of the control AC flow. Examination of the latter hearts at the 
close of the experiments revealed the presence of 1 or 2 right coronary artery 
twigs central to the right coronary cannula which were not occluded during 
the experimental procedure. Therefore, almost all if not the entire anterior 
vein flow must be regarded as having its origin in the coronary arteries. 
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Since the AC veins are anatomically disposed over the surface of the right 


ventricle, it would seem probable that they drain a myocardial area which is 
largely supplied by the right coronary artery. Simultaneous measurements ol 
right coronary inflow and AC vein outflow (all major veins cannulated) show 
in different experiments that the latter may vary from 72 to 118 per cent of the 
former and that both vary in the same direction under the influence of altered 
dynamic conditions (cf. table 1, A, B). 

The AC vein blood arises from both coronary arteries (ef. graphs of fig. 3 
for typical data). Temporary clamping of the left coronary artery causes a 
slight rise in right coronary inflow while the AC vein outflow diminishes. Simi- 
larly, when the right coronary artery is clamped, the AC vein flow again dimin- 
ishes, but a considerable residual flow (arising from the left coronary artery 
remains. As established by such clamping procedures, the respective contribu 
tions of the two coronary arteries to the AC vein flow are variable in different 
experiments, but the major contribution is from the right coronary artery. 

Discussion. Measurements of outflow from the AC veins in the open chest, 
anesthetized dog have demonstrated the functional significance of these vessels 
in draining the myocardium, particularly that of the right ventricle. It follows, 
therefore, that any consideration of the venous return from a coronary bed 
must include recognition of the rdéle played by the AC veins as well as that of 
the coronary sinus, Thebesian, and other luminal vessels. 

It is significant that blood leaving via the AC veins is almost, if not entirely, 
derived from the coronary arteries. In view of the anatomical disposition of 
the AC venous system over the right ventricle, it is not unreasonable to expect 
that AC vein blood would originate largely in the right coronary artery, nor 
is it difficult to imagine that a considerable portion of right coronary blood 
could be drained by this anatomically intimate and relatively extensive system 
of venous channels. On the same basis, the appearance of left coronary blood 
in the AC veins might have been anticipated. Inspection of the surface of the 
heart reveals that small twigs of the left descending branch supply a “‘fringe”’ 
of the septal border of the right ventricle and pulmonary conus from which 
many of the fine branches of the AC veins may be seen to arise. In the same 
area branches of the great cardiac vein may be seen to anastomose with those 
of the AC veins (cf. fig. 1 and fig. 2B). 

It is evident that the total AC vein flow recovered from the major veins can- 
nulated originates predominantly in right coronary artery although the relative 
amount varies in different dogs. The individual AC veins also vary with 
respect to the amount of blood contributed to each of them by the two coronary 
arteries. Although most of the veins carry predominantly right coronary blood, 
the AC vein which drains the pulmonary conus region (figs. 2A and 2C) derives 
its blood in greater part from the left coronary artery. 

On the basis of the data already presented in figure 3 an approximation can 
be made of the amount of right coronary inflow which is drained via the anterior 
cardiac veins. Inf different experiments from 50-92 per cent of right coronary 
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Fig. 3. Chart of data from different experiments illustrating: 1, the relative volumes 
of flow measured simultaneously in the right coronary artery and anterior cardiac veins; 
and 2, the source of the anterior cardiac vein flow as shown by clamping of either the left 
or right coronary artery. Ineach part the bar on the left represents the rate of right coro- 
nary inflow, and that on the right, the rate of anterior cardiac vein outflow. Dotted lines 

and areas) in each pair indicate the control values for both arterial and venous flows. 
Solid lines (and areas) represent the flow values after clamping of a coronary artery as 
indicated below. PartA. Flowin right coronary artery versus flow from all major anterior 
cardiac veins before and during occlusion of left coronary artery. *Epinephrine given 
intravenously and no control flows obtained before occlusion of left coronary artery. Part 
B. Flow in right coronary artery versus that from all major anterior cardiac veins before 
and during occlusion of right coronary artery. Part C. Same as for part B except that 
anterior cardiac vein flow was measured from 2 out of 4, 1 out of 2, and 1 out of 4 major AC 
veins, respectively. Transverse dotted lines and bars in upper part of chart, mean aortic 
blood pressure. Flow (ce. per min.) in right coronary artery and anterior cardiac veins 
and mean aortic blood pressure (mm. Hg) indicated on ordinate scales. 


inflow is found to drain into the right atrium by way of the AC veins. These 
values were derived both directly and indirectly. The measurement of right 
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coronary inflow and AC vein outflow during a temporary complete occlusion 
of the left coronary artery allowed direct comparison of the two recorded flows 


without interference from blood entering via the left coronary. Indirectly, 


right coronary drainage through the AC veins can be estimated by observing 


the amount by which the AC vein flow diminishes when the right coronary 
artery is temporarily occluded. As mentioned above, these two methods prob- 
ably give only approximate percentages for the relative amount of right coronary 
blood draining via the AC veins. However, it is suggested that not only the 
values of 50-92 per cent but also those for the total AC vein flow probably err 
on the conservative side for one or more of the following reasons: 1. Clamping 
of the left coronary artery will markedly reduce coronary sinus outflow, thereby 
establishing a favorable pressure gradient for an increase in the non-AC vein 
drainage of the right ventricle. 2. Similarly, clamping of the right coronary 
artery initially reduces the AC vein outflow (by an amount equal to the artery’s 
original contribution before clamping) which in turn affords an easier pathway 
for blood from the left coronary artery to leave the right myocardium by way 
of the A€’ veins. Consequently the recorded residual AC vein flow which 
remains after clamping of the right coronary artery may exceed that which is 
normally drained from the left coronary artery, and the right coronary contribu- 
tion, found by subtraction of the residual flow from the original flow, therefore 
appears to be less. 3. The manipulation and transient occlusions of the AC 
Veins incident to their isolation and cannulation could conceivably promote 
collateral flow from the AC veins through anastomotic channels (c.f. figs. 1 
and 2B) to the coronary sinus. This possibility is supported by the observa- 
tion that flow from the AC veins may be permanently diminished (for the dura- 
tion of the experiment) by clamping them for 1-2 minutes. 4. The resistance to 
outflow imposed by the small AC vein cannulae, rubber tubes (and rotameter 

and any unrecognized torsion or flexion of the several cannula tips in their 
veins must cause a greater limitation of flow than that which exists in the unean- 
nulated veins emptying directly into the right atrium. 5. In all experiments 
only major AC veins were cannulated and several small to medium sized veins 
were always present from which the flow of blood was not measured. 

Consideration of the above factors offers reasonable justification for the beliet 
that, in the undisturbed heart, the AC veins normally drain not only a greater 
absolute quantity of blood but also a greater percentage of the right coronary 
inflow than even the experimentally determined values of 50-92 per cent. 

The general interpretation of the findings of Katz, Jochim and Weinstein (t) 
is that approximately 90 per cent or more of right coronary inflow drains via 
the Thebesian channels of the right heart. The present study reveals that the 
AC veins (and not the Thebesians) constitute the major drainage pathway for 
the right coronary artery. While the findings presented here would appear to 
be entirely incompatible with those of Katz and associates, careful reading of 
their communication reveals that the authors have measured total flow issuin 


from the chambers of the right heart and refer to it as arising from both *‘acces- 
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sory veins and Thebesian channels.’’ On the basis of the results presented here, 
it is tempting to conclude that this combined flow in their experiments originates 
in large part from the AC veins. However, because of the failure of these 
authors to separate Thebesian and AC vein flow, such a conclusion is not justi- 
fied; on the other hand, it is equally fallacious to assume that the combined flow 
in their preparation is entirely or even predominantly Thebesian. 

The apparent reluctance of many investigators to consider the possible sig- 
nificance of the AC vein flow (even when it is measured together with Thebesian 
flow) would seem to reflect either a specific favoritism for the rédle of the The- 
besian vessels, or an unwarranted, yet conventional neglect of a known, but 
heretofore virtually ignored, venous drainage system. 

It is suggested that all studies of cardiac venous channels, flow partitions, and 
Thebesian drainage, which have been made in the past without consideration 
of the réle of the anterior cardiac veins, should be subjected to a critical re- 
evaluation before the associated conclusions can be accepted as being valid. 


SUMMARY 


The number and anatomical distribution of the major anterior cardiac veins 
of the dog’s heart have been studied from roentgenograms of specimens injected 
immediately postmortem. Inspection alone reveals that the greater portion 
of the subepicardial surface of the right ventricle is traversed by many small 
branches which merge to form, in different hearts, from two to five major ante- 
rior cardiac veins. Each major vein empties separately and directly into the 
right atrium about + to 8 mm. superior to the border of the tricuspid valve. 
Other smaller veins are invariably present. 

The functional importance of the anterior cardiac veins, virtually ignored by 
previous investigators, is demonstrated. In 16 anesthetized open chest dogs 
with different body weights and blood pressures, the flow from all the major 
anterior cardiac veins cannulated ranged from 8.5 to 26.5 cc. per minute. The 
flow could be increased greatly by various procedures. It was established that 
flow from the anterior cardiac veins is almost, if not entirely derived from the 
coronary arteries, and its magnitude generally approaches and not infrequently 
exceeds the simultaneously measured right coronary inflow. 

The major portion (50-92 per cent) of right coronary inflow was found to 
drain via the anterior cardiac veins into the right atrium. This finding makes 
completely untenable the conventionally accepted belief that nearly all of the 
right coronary inflow drains by way of the Thebesian vessels into the right 
ventricle. 


To prevent confusion in terminology for the cardiac veins considered here, 
it is suggested that the officially accepted name ‘‘anterior cardiac veins” (BR 
of BNA) be used when indicated, and the conventional use of the misleading 
term ‘“‘accessory veins,” as applied to an aggregate of several unspecified vessels, 
be avoided. 
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It has recently been shown that normal male urine contains extractable ma- 
terial which possesses certain of the physiological properties of the adrenal 
cortical hormones. The extract shows the following biological activities when 
tested in the adrenalectomized rat: 1, it increases resistance to cold (1); 2, it 
maintains life (2); 3, it elevates liver glycogen (3). In the present communica- 
tion it will be shown that this extract is also active when assayed by a muscle 
work test. 

Gans and Miley (4) showed that the gastrocnemius muscle of the adrenalec- 
tomized rat when stimulated to contract under load for a number of hours lost 
its contractility very much sooner than the muscle of the normal animal. Hart- 
man, Brownell and Lockwood (5) and Hales, Haslerud and Ingle (6) have 
confirmed this observation, and have shown that adrenal cortical extract is 
sapable of prolonging the poorly sustained contractility which ensues after 
adrenalectomy. Ingle (7) has shown, moreover, that progesterone, testosterone, 
and estradiol are inactive and that desoxycorticosterone is considerably less active 
than those cortical steroids with an oxygen at position 11. It would appear, 
therefore, that the muscle “fatigue” test should be relatively specific for adrenal 
cortical hormones, and particularly for those steroids of the latter category. 

Meruops. The urinary extracts were prepared as has previously been 
described (1). The method consisted briefly of an extraction of pooled urine 
from normal men with ethylene dichloride and a purification by removal of inert 
alkali soluble material with sodium hydroxide. The final extract was taken up 
in 10 per cent ethanol and adjusted to a volume so that 1 cc. was equivalent to 
1 liter of urine. 

Male rats of the Sprague Dawley strain, weighing between 120 and 150 grams, 
were used. It was discovered early in the course of the experiments that only 
those animals which were in perfect condition and entirely free from respiratory 
infections were suitable for use. Dyspnea due to mucus in the respiratory tract 
was seen to cause marked impairment of muscle contractility. Three days after 
adrenalectomy the rats were given 1 ec. of the extract by stomach tube. Con- 
trols received either 1 cc. of water or 1 cc. of 10 per cent ethanol. A solution of 
sodium pentobarbital (2 mgm. per 100 grams of rat) mixed with sodium barbital 
(28 mgm. per 100 grams) was then injected intraperitoneally. Four cubic centi- 
meters of water was injected subcutaneously just before the start of stimulation 
and a similar dose was administered 5 hours later. 

Through a circular incision near its attachment the gastrocnemius tendon was 
isolated, cut, and attached to a muscle lever loaded with a 50 gram weight. 
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Through another small incision the tibia was immobilized in a semi-vertical 
position by means of a small-jawed clamp. Into the distal region of the muscle 
a silver wire electrode was inserted. 

Stimulation was accomplished by means of a Harvard inductorium. ‘The 
source of the current was a 2 volt storage battery and the interrupting device 
consisted of a flat weighted flexible strip of steel with a wire attached to the 
free end which made intermittent contact with a mercury cup. Vibration was 
maintained by a magnet attached above the region of the fixed end of the spring. 
The rate of stimulation was three per second, the stimulus was super-maximal, 
and both make and break shocks were used. Two rats were connected in series 
and in the great majority of cases one of these animals served as an untreated 
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Fig. 1. Muscle performance of adrenalectomized rats after injection of urinary extract 
and adrenal cortical extract. The readings in part A represent work performance while 
those in part B represent time elapsing until contractions ceased. The horizontal lines 
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indicate the average for each group. 


control. Contractions were recorded on a smoked drum which was made to 
revolve at constant speed so that one revolution was completed in 30 hours. 
Work performance was estimated by measurement of the area of the record of 
contraction. The animals were enclosed in a chamber in which the temperature 
was held at 28°C. + 0.5. Stimulation was not continued longer than 29 hours. 

Kymographic recording of muscle contraction has one advantage over me- 
chanical counting devices. It allows one to determine whether there is a true 
gradual muscle ‘‘fatigue’’ before the death of the animal. A gradual decline 
in muscle contractility was considered essential for an acceptable assay. Many 
rats for one reason or another die abruptly while muscle contractility is still 
unimpaired. All records which indicated this course of events were excluded 
from the present series. 
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Resutts. The average performance of the rats which received the urine 
extract was 70 per cent greater than that of the controls (fig. 1 A). In view of 
the fact that the difference between the two means was 3.8 times its standard 
error, this increase may be considered to have definite significance. 

Sham operated rats showed at the end of 30 hours a height of contraction which 
was only slightly less than at the beginning of stimulation. Because the true 
limit of performance of these rats can not be estimated without prolonging the 
experiments for a number of days this group was not included in the table. 

Included in figure 1 are responses obtained with Wilson’s adrenal cortical 
extract (1 cc. = 75 grams of gland). Two-tenths cubic centimeter of extract 
produced an 80 per cent increase and 0.4 ec. a 100 per cent increase in work 
performance. The extract from one liter of urine gave a response of the same 
general magnitude as 0.2 ec. of the adrenal cortical extract. 

As others have previously pointed out (6), it is unlikely that the poorly sus- 
tained muscle contractility which is observed in adrenalectomized animals is 
due to simple intrinsic fatigue. In the 50 animals used for assay, with only one 
exception, death occurred within 3 hours after failure of contraction. It would 
seem that muscle failure occurred because the animal was approaching death, 
and that the values obtained for work performance were largely a reflection of 
the ability of the animal to survive under the stress imposed by the conditions 
of the experiment. As seen from figure | B the time that contractility is made 
to endure is as good a measure of the activity of an extract as is work perform- 
ance. 

Discussion. The same extract which was found active by the muscle work 
test here employed has also been shown to possess activity in the cold protection 
test. Furthermore, it has been shown to maintain the life of adrenalectomized 
rats and to elevate liver glycogen. This urinary preparation is thus seen to 
possess all of the physiological properties of adrenal cortical extract which have 
been tested for up to this time. The present experiments lend weight to the 
possibility that urine contains certain unidentified active steroids which have 
their origin in the adrenal cortex. 


SUMMARY 


The urine of normal men contains extractable material which is active in a 
muscle work test. The extract from one liter of urine gave a response roughly 
comparable to that produced by 0.2 ec. of Wilson’s cortical extract. 


We are greatly indebted to Miss Ethel Buchwald for technical assistance. 
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The automatic rhythmical recurrence of inspiratory contractions, their sim 
plicity of pattern, their dependable uniformity and their ease of electrical regis 
tration suggested using them in a comparative study of motor integration. — Five 
mammals, the mouse, rat, rabbit, dog and horse were chosen tor their differences 
in size and for differences in nimbleness of movement often associated with size. 

{esuLTsS. Contractions of the diaphragm of the mouse, rat, rabbit, dog and 
horse, recorded electrically with widely separated electrodes to include the activ 
ity of numerous muscle units, show characteristic electrical fusillades whose 
patterns of increasing density and amplitude of electrical deflections are virtually 
indistinguishable from one another (see figs. 4, 5,6, 7 and 8). On the basis of 
older experiments on the dog the increasing density and amplitude of electrical 
deflections in each of these figures is interpreted to indicate a progressively in 
creasing activity of the muscle units plus an increasing coincidence and summa 
tion of potentials ot synchronously contracting units (CGresell, Atkinson and 
Brown, 1941). Similarity of configuration of the electrical fusillades would 
therefore be strong evidence in itself for a common underlying mechanism ot 
central integration of inspiratory contractions In mammals. With that in mind, 
we have attempted to resolve the fusillades of each group of mammals into their 
component parts. This was accomplished by placing leading-off electrodes on 
the surface of a relatively inactive portion of musele where few muscle units were 
contracting (see figs. 10-14 and 15-20). With fortunate placement such pro- 
cedure allows analysis of individual activity of 1, 2, 3, or even 4 muscle units 
throughout the course of inspiration. $y increasing the chemical stimulus to 
breathing, physiological modification of activity of the individual units can be 
observed. 

Dog. Abundant observations on the respiratory contractions of the dog (se¢ 
review by Gesell, 1940) offer a suitable starting point of comparison.  Progres 
sive strengthening of contraction, as inspiration advances, is characteristic (figs. 
1 and 7). This effective adjustment to increasing mechanical resistance Is at 
tained by a simple arrangement of multifiber twitching consisting of a progressive 
recruitment of newly activated units plus a progressive quickening of twitch 
rhythm of the activated muscle units (see fig. 1). The schema reads from left 
to right. Muscle unit 1 leads the contraction, twitching with increasing fre 
quency as inspiration progresses. Before inspiration is ended, 28 dormant units 

1This research was supported in part by a grant from the Horace H. Rackham School 
of Graduate Studies, University of Michigan 

2 Preliminary report, A. KW. Atkinson and R. Gesell. This Journal, 1383: P1990, 1941 
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are recruited along the left diagonal, each successive unit adding a decreasing 


number of twitches. As each inspiration advances more units contract in unison 


28 


4 7 
— TWITCH NO3 OF UNIT NO.I—= 


Figs. 1-3 


and the sum total of their pulls increases to a relatively uniform maximum in- 
tensity. Subsidence of contraction is much faster (Gesell, Atkinson and Brown, 
1941). | 
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Rat. The rat shows the same type of recruitment and twitch frequeney con 
trol in normal eupneic inspirations as those illustrated in figure 1 and also similar 
intensifications of these processes by increasing chemical stimulation of breath 
ing as those observed in the dog. These facts are evidenced in progressivels 
augmenting contractions, figures 15, 16, 17, 18, 19 and 20, in which the twitches 
of 3 muscle units can be followed during increasing chemical stimulation (re- 
breathing). In contraction 1 (fig. 15) only one muscle unit is active in the 
proximity of the electrodes. It twitches 11 times in all and with increasing 
frequency. Units 2 and 3, for the present dormant, are to be reeruited as the 
contractions become stronger. Augmentation of contraction is evident in. the 
increasing sum total of twitches per inspiration (11, 13, 16, 19, 24 and 39 twitches 
respectively). The nature of the intensification is revealed in the number ot 
twitches of the individual units (11 + 0 + 0) (12 + 14+ 0) (138 +340) (14 
{+ 1)(15+ 64 3) (18 + 10 + 11), and the timing of these twitches in the 
inspiratory phase (see records). 

Mouse. Reeruitment and increasing frequency of muscle fiber twitch as 
inspiration advances and intensification of these mechanisms by asphyxia are as 
characteristic for the mouse as for the dog and rat. Figures 10, 11, 12, 13 and 
14, arranged in order of intensity and not in order of occurrence, are of interest 
in showing that sporadic irregularities in depth of breathing, occurring during a 
continued uniform chemical drive, are also dependent upon orderly recruitment 
and twitch frequeney control. The stronger the contraction the greater is the 
number of twitches of the newly recruited unit, the higher is the maximum twiteh 
frequency and the earlier is the participation in contraction. 

Rabbit. Figure 29, obtained from the diaphragm of the rabbit, is a rather 
exceptional illustration showing the precision and the nicety of control of museu 
lar contractions. It reveals in terms of twitches of a single newly recruited unit 
how increasing chemical demands (rebreathing) are met by increasing mechan 
ical response. The leading-off electrodes were resting on a very inactive portion 
of the muscle, as is witnessed by the faintly visible activity of a single distant 
unit. Fortunately this unit is active throughout each period of inspiration 
(eupneic as well as hvperpneic) and, therefore, automatically marks the beginning 
and end of each inspiration. 

The first breath is eupneic and shows activity in the distant unit only. At the 
end of the second breath a newly activated unit contributes two twitches. This 
unit shows increasing activity as rebreathing continues. In the third breath it 
contracts + times instead of twice, then 6, 9, 10, 11, 12, 13, 14, 16, 17, 18, 19 and 
20 times, thus meeting the growing needs of asphyxia with appropriate libera 
tion of mechanical energy. Note that the rhythmic activity of the newly re 
cruited muscle unit is lowest at the beginning of each series of twitches regardless 
of the moment in the phase of inspiration at which activity begins, that the 
frequency of twitch increases as each series of twitches approaches its end, and 
that the twitch frequency attains a greater maximum the longer the period of 
activity (i.e., the more nearly complete the recruitment). These observations 
indicate that in the rabbit, as in the dog (fig. 1), the forces producing recruitment 
and acceleration of twitch increase to a maximum at the end of inspiration. 
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Adrian and Bronk (1928) studying the discharge in single fiber preparations 
of the phrenic nerve of the rabbit could find no clear evidence for recruitment in 
that no single fiber was observed to be active for a period significantly shorter 
than the inspiratory discharge of the whole nerve. Nor did they observe in 
creasing frequeney of twitch of the individual units during the course of inspira 
tion. Such “reetangular” contractions, beginning and ending abruptly, stand 
in contrast to the slowly increasing “triangular”? contractions illustrated in 
figures 4, 5,6, 7 and 8. To explain greater strength of diaphragmatic contrac- 
tions produced by asphyxia they proposed “as far as concerns that part of the 
muscle supplied by the third cervical root of the phrenic” that gradation is “due 


0 2 4) 


Fig. 29 


mainly to the increased number of impulses which reach the muscle from each 
nerve fiber.” Similar views were expressed for the flexion reflex. In the exten 
sion reflex and in the inspiratory contractions of the intercostal muscles the 
number of active fibers and their frequency of discharge were however found to 
increase as contraction progressed (Bronk and Ferguson, 1935). 

Because our results were obtained from the diaphragm rather than from its 
motor nerve, we have made a few observations on the phrenic nerve as well. 
As is seen in figure 9, inspiratory fusillades of the phrenic nerve trunk of the 
rabbit are similar to diaphragmatic fusillades (figs. 4, 5,6, 7 and 8). Observa 


tions on smalier fractions of the nerve reveal that reeruitment and increasing 
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frequency of nerve cell discharge are comparable to recruitment and twitch 
frequency changes in muscle. Since all parts of the diaphragm of the rabbit 
seemed to contract in a similar fashion, it is concluded that our findings on the 
rabbit are essentially the same as those on the mouse, rat and dog. 

Horse. The events of contraction in the horse (figs. 21 to 28) are essentially 
the same as those in the preceding mammals. Incompletely recruited muscle 
units (see fig. 21) contract late in the inspiratory phase and at a low frequency. 
When more nearly completely recruited (rebreathing) they contract earlier and 
attain a higher frequency (see fig. 22). There are 4 twitches in the first inspira- 
tion as compared with 13 in the second. Maximum twitch frequency is 2.5 per 
second in figure 21 as compared with 5 per second in figure 22. Recruitment ot 
new muscle units during the course of an ordinary cupneic¢ inspiration increases 
progressively in the usual orderly way (see fig. 23 showing three sets of discrete 
potentials). Muscle unit | contracts relatively carly in the phase of inspiration, 
twitching approximately 20 times. Muscle unit 2 follows later, twitching 7 
times, while unit 3 beginning still later, twitches only 3 times in all. The elee- 
trogram in figure 24 represents a considerably deeper breath, occurring sporad- 
ically in the same horse. Many more muscle units come into play. The fusil- 
lade becomes more dense, consequently concealing the discreteness of activity 
of individual muscle units noted early in the phase of inspiration. The following 
four records (figs. 25, 26, 27 and 28) are from a single setting of the leading-off 
electrodes on the diaphragm of another horse subjected to increasing chemical 
stimulation of rebreathing. The important réle of recruitment is evident. 


Other animals. Adjustment of muscular contraction to mechanical require- 


ments such as described for mammals is undoubtedly a survival of a primitive 
mechanism for it is found to exist in the inspiratory contractions of the bird and 
reptile as well as in the mammal, It is found in expiratory contractions of in- 
sects, reptiles, birds and mammals which also meet with increasing resistance as 
contraction advances (Loofbourrow and Gesell, 1941). 

Parallelism of respiratory and motor neuron rhythm. Under the conditions of 
our experiments, the horse, dog, rabbit, rat and mouse breathed at a frequency 
of approximately 8, 15, 50, 65 and 100 per minute respectively (see table). The 
corresponding durations of the inspiratory phase of eupnea were roughly 2.4, 
1.3, 0.6, O.4 and 0.3 of a second. The average eupneie twitch frequency of fully 
recruited muscle units at the end of inspiration, in round numbers, was about 
10, 20, 50, 40 and 100 per second. These figures, derived from limited observa- 
tions, are at best approximations only. Large ranges in twitch frequency ex- 
tending between 5 to 16 in the horse, 10-30 in the dog, 25-60 in the rabbit, 25-45 
in the rat and 60 to 150 in the mouse, give no sure indication where the average 
for eupnea lies. Anesthesia, magnitude of prevailing chemical drives, and the 
condition of individual animals probably all contribute to this great range. 
Nevertheless our table is suggestive on several points. 

The most striking and pertinent relationship is the tendency towards paral- 
lelism between respiratory rhythm and muscle fiber twitch rhythm. The mouse 
breathes approximately 10 times as frequently as the horse. Its muscle fibers 
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twitch in the same ratio. The rabbit, breathing 6 times as frequently, has a 
muscle fiber rhythm about 5 times that of the horse. The dog, breathing about 
twice as often, has a muscle fiber twitch rhythm approximately twice that of the 
horse. This simple relationship implies that nimbleness of body and nimbleness 
of individual nervous integrating units tend to go hand in hand. 

The twitch frequency of the rat, compared with that of the rabbit, suggests a 
deviation from a strictly inverse relation to animal size. Factors other than 
mass conceivably play a réle in the evolution of nimbleness, e.g., the security of 
the porcupine and skunk against attack might be a reasonable explanation of 
their deliberate movements. These animals were unfortunately not available 
for astudy of their underlying motor integrations at the time of our experiments. 

Parallelism of respiratory rhythm and of motor neuron and muscle fiber twitch 
rhythm in the mouse, rabbit, dog and horse should tend to produce approxi 
mately the same maximum number of twitches per inspiration in those units 
which lead off the inspiratory act. Direct observations indicate a reasonable 


TABLE 1 


Horse 


Dog 10-30 


tabbit 5 ) 25-00 
tat 25-45 


Mouse 60-150 


agreement with expected results (see table). It is postulated that the number 
of twitches actually employed in the leading off units in a contraction forms the 
substructure upon which that contraction is built and that this substructure is 
suited to the purposes and to the control of that contraction. 

The function and relative importance of the mechanisms of recruitment and fre 
quency control. To enquire more specifically into the function and relative im- 
portance of the factors of recruitment and frequency in the gradation of strength 
of muscular contraction, an artificial schema of multifiber twitching was con- 
structed in which the frequency factor was omitted (see fig. 2). The muscle units 
were arbitrarily scheduled to twitch at a uniform frequency of 7 per second, with 
intervening recruitment intervals of one forty-ninth of a second. Each muscle 
unit is numbered in the order of its recruitment along the line A.F. Units 1, 2, 
3, 4, 5, 6, and 7 contract successively but never in unison. Reinforcement. is 
therefore wanting until coincidence of twitch 1 of unit 8 with twitch 2 of unit 1, 
doubles the intensity of contraction. Serial coincidence of twitch 1 of units 
9-14 with twitch 2 of units 2-7 maintains this doubled intensity. Progressively 
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increasing coincidence increases the strength of contraction by | muscle unit pe 
! of asecond. At the end of 4 seconds the leading off unit will have twitched 2s 
times and that unit will have been supported by 27 additional units. 

The maximum theoretical limit of gradation of muscular contraction by re 
cruitment may be expressed by the fraction Y/1 where X equals the total num 
ber of recruitable units in a muscle and | represents the mimimal recruitment, 
i.e., of one muscle unit. The maximum limit of gradation of contraction 
by twitch frequency control is according to the direct measure of Adrian 
and Bronk (1928) significantly smaller, approximately a quadrupling of strength 
The fraction XV /4 would therefore represent the relative importance of recruit 
ment and twitch frequency control. Actually XY must vary tremendously with 
size and structure running well into the thousands in some muscles. In large: 
animals where the number of recruitable motor nerve cells and their correspond 
ing muscle units is proportionately greater (see D’Arey W. Thompson, Growth 
and form, 1917), recruitment as a power factor must plav an almost exclusive 
role in the gradation of muscular contraction. 

It is obvious that a shortening of recruiting intervals must result in a greater 
sum total of recruitment, and a finer gradation of contraction. Were the mouse, 
e.g., to integrate its extremely short inspiratory contractions on the same fiber 
twitch frequency as that of the horse there could be only 3 twitches per inspira- 
tion in any single unit (see fig. 3). Mechanical reinforcement of contraction 
would of necessity be small and gradation of contraction rough and jerky, a 
trebling of strength occurring in but 2 stages. In the rabbit, strength of con 
traction would increase 7 fold, in 6 stages. In the dog, the contraction would 
increase 13 fold in 12 stages and in the horse 25 fold in 24 stages. 

Factors bearing on the mechanism and the site of recruitment and frequency con- 


trol. Though frequency of muscle fiber twitch may exercise small mechanical 


advantages, frequency of nerve cell discharge may nevertheless be a factor of major 


importance in the control of muscular contraction. This hinges on the effective 
mechanisms of central summation of stimulation. Witness the intensification 
of spinal reflexes by either a prolongation or an increased frequency of repetitive 
stimulation. By analogy a discharging motor neuron, granting recurrent col- 
lateral and intermotor connections (Ramon y Cajal, 1909; Retzius and Lin- 
hossek—reference Ramon v Cajal; Gesell, 1940-—figs. 41 and 42), could create a 
similar augmentation of recruitment and frequency of discharge in all intercon- 
nected motor neurons (see Gesell, Hansen and Worzniak, 1943). Thus a pro- 
longed series of discharges in a leading-off motor neuron, like a simple prolonga- 
tion of sensory stimulation, and an increasing frequency of motor discharge, like 
a more frequent sensory stimulation, would favor an accumulative pooling of 
acetylcholine at interconnected motor neurons proportional to the sum total of 
nerve cell discharges. Such pooling would automatically provide a central 
mechanism of progressive intensification of contraction. 
Lightness of bombardment and absence of truly converging motor impulses 
in skeletal muscle on the other hand prevent similar integrations in the periphery.’ 
Pleurisegmental innervation of musele (Cattell, 1928, and Katz and Kuffler, 1941 


ean hardly be regarded as the equivalent of central convergence because 2 or 3 pleuriseg 
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The neuron generally regarded as extremely reactive to the fluctuating elec- 
trical effects of temporal changes in bombardment, is now shown to possess 
synaptic potentials of a highly sluggish time course as compared with the motor 
end plate potentials of muscle (Eccles, J. P., 1943). ‘The latent period is about 
5-7 times longer, the rising phase initially about 10 times slower, and the summit 
time and rate of decay 15-20 times slower.”’ In the light of our “‘electrotonic”’ 
or humoro electrical’ concepts of physiological stimulation such gross differences 
in time course are suited to the well-known characteristics of nervous and muscu- 
lar function. If a slow time course of synaptic potentials is synonymous with a 


slow time course of release and decay of acetylcholine, opportunities prevail for a 
gradual pooling and depooling of acetylcholine conforming with nicely graded 
summation (i.e., recruitment and acceleration of frequency of nerve cell dis- 
charge) and progressively diminishing after-discharge so common to nervous 
function. The rapid time course of motor end plate potentials (rapid release and 


decay of acetylcholine) on the contrary is Correspondingly resistant to pooling 

Thus muscle and nerve would seem to differ in the nature of their stimulation. 
In muscle stimulation is electroclonic or pulsatile. Individual muscle fibers are 
stimulated once by a single, transient and private motor end plate potential. 
In nerve cells stimulation is electrotonic or non pulsatile and collective. Hetero- 
geneous impulses impinging on the neuron by virtue of their force of numbers, 
their asynchronous order, and their sluggish synaptic potentials combine thei 
overlapping effects into a collectively smoothed potential (Gesell, 1939, 1940; 
Gesell, Brassfield and Hansen, 1942). Direct experiments (Eecles, 1943) now 
show that prolonged and repetitive stimulation of preganglionic fibers sets up a 
steady, sustained, and greatly augmented synaptic potential. Such findings 
would seem to establish the existence of a continuing excitatory current as de- 
scribed in our “‘electrotonic’”’ and “‘humoro electrical” theory in which it is pro- 
posed that the axon hillock (the point of emergence of the current) is fired rhyth- 
mically at a frequency proportional to current intensity. 

Comparisons. From a comparative point of view, special mechanical advan- 
tages suitable to great size, mass, inertia and momentum conceivably accrue 
from slow rhythmical activity of muscle fibers and from prolonged muscular 
contractions. Slowness of pickup, such as occurs in the inspirations of a horse, 
should adapt mechanically to great mass and inertia. Great abundance of 
nerve cells and muscle units combined with ample time for contraction should 
assure the necessary power while still avoiding excessive acceleration. The 
mouse on the other hand would seem to operate on a somewhat different basis. 
In contrast to the horse, high frequency of twitch and smaller mass favor speedier 
pickup and nimbler gait, thus twitch frequency is adapted to the shortness and 


mental impulses arriving at a common muscle fiber produce independent stimulation at each 


site of impingement. Though mechanical summation occurs there is no evidence and no 
conceivable mechanism for the summation of such widely separated stimuli. An inherent 
rhythmic response to bombardment such as witnessed in the neuron is normally missing 
and only under conditions more comparable to nerve cell stimulation, produced by the 
protective action of eserine, can a release of acetylcholine at a motor end plate produce a 
rhvthmic twitching, 
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lightness of its appendages. If diminutive animals are not to suffer unduly from 
the speed of their larger competitors and enemies, the shortness of their append- 
ages needs compensation by a corresponding shortening of progression cycles. 
Similarly were the mouse to breathe as slowly as the horse, gross periodical chem- 
ical changes must undoubtedly occur in the course of each respiratory cycle. 
Correction of this defect by an increase of the volume of its lungs would obvi- 
ously lead to other disadvantages. 

Difference in motor nervous activity in large and small animals raises ques- 
tions of interrelationships and of cause and effect. Are all functions of the brain 
in small animals geared to the same high intensity as that of motor integration? 
Are animals quick in their movements equally quick in other nervous integra- 
tions—sensory perceptions, associations, etc.? Are the relationships between 
metabolism and nervous function causal? Is the heightened basal metabolism 
of smaller animals a result of a heightened frequency of activity of its cellular 
units or conversely is the heightened frequency discharge of a nerve cell a result 
of its heightened metabolic rate due to surface volume relation? Is there a 
comparative functional measure of life span in such animals asthe mouse and horse 
measurable in units more accurate than time, e.g., such activities as the number 
of breaths and nerve cell discharges per life? 


SUMMARY 


Contractions of the diaphragm of the mouse, rat, rabbit, dog and horse show 
characteristic electrical patterns of multifiber twitching. 

This similarity of twitching indicates a common evolutionary adaptation for 
meeting analogous mechanical requirements (an increasing resistance to an 
increasing pulmonary inflation as inspiration progresses). 

The adaptation consists of a progressive recruitment of activity of dormant 
reserve muscle units and an increasing frequency of twitch of the individual ac- 
tivated units. 

This adjustment is a primitive mechanism for it is found in muscular con- 
tractions of insects, reptiles and birds as well as mammals. 

All evidence indicates that recruitment of reserve muscle units is a far more 
important mechanism of gradation of strength of contraction than is adjustment 
of twitch frequency. 

Respiratory and motor nerve cell rhythm were found to be higher in general 
in the smaller and nimbler animals. 

As a consequence of this parallelism, the number of discharges of those motor 
neurons which lead inspiratory contractions tend to be approximately equal. 
This equality offers comparable facilities for the control of the frequency and 
recruitment factors and helps to explain similarity of inspiratory contractions. 
Thus the events transpiring in the prolonged inspiration of a horse are accelerated 


and compressed, without basic change, into the shortened inspiration of a mouse. 
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AMERICAN JOURNAL OF PHYSIOLOGY 


A Cumulative Index of the American Journal of Physiology, 


Volumes g1-120 inclusive, is now available. 


Price $4.00 


Orders should be sent to 
D. R. HOOKER, Managing Editor, 19 W. Chase Street, Baltimore, Md. 


FEDERATION PROCEEDINGS 


The Federation of American Societies for 
Experimental Biology, composed of The Ameri- 
can Physiological Society, The American So- 
ciety of Biological Chemists, The American 
Society for Pharmacology and Experimental 


Therapeutics, The American Society for Experi- 
mental Pathology, The American Institute of 
Nutrition and The American Association of 
Immunologists, has begun (1942) the publica- 
tion of the Federation roceedings. 

Four issues will be published annually. 
Each year the March issue will contain the 
complete Federation Program of the scientific 
sessions of all the component Societies as 
prepared for the forthcoming annual meeting 


with abstracts of all scientific papers to be 
presented; the June and September issues will 
contain the full text of twenty or more papers 
presented at the annual meeting, inthe ing 
probably the papers on the joint society pro- 
gram and papers of several society symposia; 
the December issue will contain material perti- 
nent to the Federation membership, i.e., the 
officers, membership list, together with an 
index of the completed volume. 

The subscription price is $4 ($4.75 foreign) 
payable in advance. Subscriptions should be 
sent to Dr. D. R. Hooker, Managing Editor, 
19 West Chase Street, Baltimore, Maryland. 


HISTORY OF THE 
AMERICAN PHYSIOLOGICAL SOCIETY 


To commemorate the Semicentennial of its foundation the American 
Physiological Society has published an illustrated history, with index, of its 
development since 1887. The book contains articles by William H. Howell 
and Charles W. Greene, with a foreword by Walter J. Meek, and was distrib- 
uted in May, 1938. 


The book of about 220 pages is in case-binding and ‘costs $2.50. 


Orders should be seni to 
D. R. HOOKER, Managing Editor, 19 W. Chase Street, Baltimore, Md. 


PHYSIOLOGICAL REVIEWS 


PHYSIOLOGICAL REvIEws is controlled by the Board of Publication Trustees of 
the American Physiological Society. The Trustees appoint the Editorial Board. 


Board of Publication Trustees. W. J. Merk, A. C. Ivy and H. C. 
Bazerr. 


Editorial Board. J. H. Burn, Oxford, England; A. J. Carison, Chairman, 
Chicago; E. M. K. Griirne, Chicago; R. W. Grrarp, Chicago; F. L. Hisaw, 
Cambridge; LavurEeNcE IrvinG, Swarthmore; Cart V. Ann Arbor, and 
D. R. Hooxer, Managing Editor, Baltimore. 


The Editorial Board selects the subjects and authors of all articles which 
are published, the aim being to provide concise but comprehensive reviews of 
the recent literature and present status of various subjects in Physiology, using 
this term in a broad sense to include Bio-chemistry, Bio-physics, Experimental 
Pharmacology and Experimental Pathology. Each volume will consist of from 
sixteen to twenty articles, making a total of about five hundred pages per volume. 
The numbers will be issued quarterly in January, April, July and October of 
each year. 


Subscriptions and orders will be received in advance only. The subscrip- 
tion price, net postpaid, is $6.00 in the United States, $6.25 in Canada and $6.50 
elsewhere. Single issues may be purchased at $2.50 each. Communications 
should be sent to: 


Laura E. Campen, Secretary of Publications 
19 W. Cuasz Sr., Battimore, Mp. 
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